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Nuclear test 


Japan's response to an earthquake highlights both the promise and the pitfalls 


of nuclear power at a critical time for its future. 


Electric Power Company seem to have reacted competently 
when an earthquake occurred some 20 kilometres from a 
huge nuclear facility on 16 July (see page 392). 

The incident, at the Kashiwazaki-Kariwa plant in Niigata prefec- 
ture on Japan's western coast, could have been serious. Seven reactors 
on the largest single-site nuclear-power facility in the world were hit 
by a quake of magnitude 6.8, exceeding their design capacity of 6.5. 

Prime Minister Shinzo Abe responded swiftly to the event, directly 
instructing the operator to come clean about the full facts of the case. 
The operator duly grovelled about some incomplete information that 
was released in the hours after the earthquake. 

The nuclear fall-out from the incident was, thankfully, minimal. 
Despite a few minute leaks into cooling water and the atmosphere, 
and the upending of some wheelie bins containing low-level nuclear 
waste, the reactors and their materials seem to have been reassuringly 
well contained. That's a substantial engineering achievement. 

At the same time, questions are being asked about why this facility 
was built on a seismically active fault line. Japan manages to combine 
an intense hunger for nuclear-generating capacity with a dearth of 
seismically inactive sites. But last week’s event was the third time in as 
many years that a nuclear power station in Japan has been subjected 
to an earthquake more powerful than it was designed to withstand. 
It would seem that the nuclear regulator, the Nuclear Safety Com- 
mission, needs to involve seismologists more fully in its site approval 
process — and to raise its standards. This need not preclude the con- 
struction of new facilities: nuclear power stations in Japan have already 
been designed and built to deal with earthquakes of magnitude 8. 

The power company’s response also seemed a little shaky in the 
immediate aftermath of the quake — saying that emergency-response 
teams were difficult to assemble because it was the Marine Day holiday, 
for example, was unlikely to inspire public confidence. But the sub- 
sequent flow of information on the situation inside the plant seemed 
reassuringly complete. Regular updates for the local population 


C) n the face of it, the Japanese government and the Tokyo 


and a comprehensive release of data on the nature of the faults caused 
by the earthquake combined to suggest that both the operator and 
the government have learned a lot — including the sublime benefits 
of transparency — from their shaky track record in this realm in 


past decades. “The Japanese 

A larger pall is cast by the commercial con- 

sie = government has 

sequences of the inevitable decision to close 
the seven reactors on the site until there has learned about the 
been a full assessment of the damage done. sublime benefits 
The loss of eight gigawatts of electrical- of transparency 
generating capacity (enough to power half regarding 


of Tokyo) is a major blow despite the well- 
planned nature of Japan’s generating system. 
In a precautionary move, major industrial corporations have been 
asked to plan reductions in their peak power consumption to help see 
the grid through the summer peak in electricity demand. 

Global warming and high energy prices have put nuclear power 
firmly back in the picture around the world. Plans are afoot to build 
new plants in Britain and the United States, and China and India look 
set to press ahead with nuclear power on a significant scale. 

Investors in planned nuclear plants continue to worry about waste 
disposal and liability issues, and look to sympathetic governments 
to provide assurance regarding these. Lurking in the back of their 
minds, however, is the ever-present risk of accidents of the sort that 
played havoc with the global industry at Three Mile Island, Pennsyl- 
vania, in 1979 and at Chernobyl in 1986. Another such event could 
undermine political support for nuclear power and so up-end their 
planned investments altogether, possibly before a single megawatt of 
power is generated and sold. 

On balance, last week’s events go some way towards bearing out the 
industry line that such unfortunate incidents can be averted. For that 
to remain the case will demand not revolutionary, next-generation 
technology, but rather a combination of diligent engineering, careful 
regulation and public transparency. a 


nuclear power.” 


Storm brewing 


It's the season of discord at US National Oceanic 
and Atmospheric Administration. 


seen just two named storms: Andrea and Barry. But a much 
bigger tempest has been brewing in Miami, Florida, for several 
months — let’s call it Hurricane Bill. 
In January, Bill Proenza took over as director of the US National 
Hurricane Center, the forecast facility in Miami, Florida, that aims 


T= year’s hurricane season in the Atlantic Ocean has so far 


to keep the US public safe from storms. At best it was a lateral career 
move from his previous post at the National Weather Service into a 
position that Proenza had not applied to fill. 

Within weeks of assuming the centre's directorship, Proenza landed 
himself in hot water (see Nature 447, 514-515; 2007). Among other 
things, he criticized how much money the centre’s parent agency, the 
National Oceanic and Atmospheric Administration (NOAA), was 
spending on anniversary celebrations. More pointedly, he publicly 
bemoaned the lack of a detailed plan to replace the QuikSCAT satel- 
lite, which among its many jobs provides data on ocean winds to the 
team that forecasts hurricanes in the Atlantic. 

This criticism did not sit well with his bosses or his employees, many 
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of whom eventually called for his ousting. On 9 July, in the midst ofa 
special assessment of his performance, Proenza was placed on leave. 
Last week, he got his chance to tell his side of the story in Washing- 
ton DC, to the House Committee on Science and Technology. Demo- 
crats on the committee pressed the question of whether Proenza had 
been sidelined because of his whistleblower activities on QuikSCAT. 
Meanwhile, Republicans griped about the committee spending its 
time investigating what they dismiss as a routine personnel matter. 
Nick Lampson (Democrat, Texas), who chaired the hearing, got at 
least one thing right. “The only storms the centre should be dealing 
with are those that form out in the ocean,’ he said. At the hearing, 
both sides acquitted themselves well: Proenza delivered an impas- 
sioned defence of his leadership, and Conrad Lautenbacher, NOAA’ 
administrator, gave a lengthy and reasonably convincing explanation 
of why the agency felt it had to remove Proenza from his position. 
The Proenza affair is not something that hurricane researchers and 
forecasters really need at this point, as the storm season begins to gear 
up. Government agencies are still reeling from their failure to cope 
with Hurricane Katrina in 2005, and scientists are dealing with the 
fall-out from their very public spats over the possible link between 
hurricanes and global warming (see Nature 441, 564-566; 2006). 
So NOAA needs to show coherent and firm management. First, it 
should find a relatively quiet spot to assign Proenza to — outside of 
the hurricane centre, where employee resentment is apparently too 
high for him to continue to function as an effective leader. 
Lautenbacher is aware of the need for NOAA to raise its public 
profile and assert itself as a powerful scientific agency, rather than 
just a backwater of the Department of Commerce, of which it is part. 


But it must make sure that its public-relations efforts don't get in the 
way of its scientific work. The very existence of a multimillion-dollar 
anniversary celebration is a cause for concern. And NOAA scientists 
have also been unhappy in recent months about management decrees 
suggesting, for example, that they improve the agency’s branding by 
substituting “NOAA for ‘National in the names of centres such as the 
National Weather Service and the National Hurricane Center. Both of 
these outfits have distinguished histories and identities of their own, 
and NOAA needs to find ways of asserting itself and its mission in 
the public eye without diminishing them. 

More substantively, the agency needs to address gaps in its satellite 
systems. Proenza is only the latest to highlight these. The National 
Academies had already done so, most recently in January, when it set 
out a national strategy of Earth-observing missions for the federal 
government. That plan would include 
an ocean-winds mission to do much 
the same job as QuikSCAT. An area 
of further concern was, the academies 
said, the level of coordination between 
NASA, which has customarily devel- 
oped research satellites, and NOAA, 
which takes them into operational use. 

NOAA needs to make sure that spats among staff at its hurricane 
centre do not distract from the larger task of focusing Earth-obser- 
vation priorities in the coming decades. Researchers have already 
clarified what they need. Nowit’s time for the government to follow 
those recommendations and make sure the next generation of satel- 
lites is in place for the storms yet to come. a 


“Spats among staff 
should not distract 
from the larger task 

of focusing Earth- 
observation priorities.” 


California dreaming 


Universities should draw the line at certain types of 
support from the drug industry. 


United States, is currently a battleground in a struggle over 

how to police perceived conflicts of interest at its medical 
schools. The university’s campuses are trying to derail a proposal 
from its central administration that would clamp down on common 
drug-industry practices, such as the sponsorship of free lunches for 
medical students and the granting of general purpose, ‘unrestricted’ 
money to some faculty members (see page 394). 

The campuses argue, for example, that these unrestricted grants 
can provide important sources of revenue. And some faculty mem- 
bers are also questioning the need for the policy. On behalf of a 
committee at the University of California, Los Angeles, for instance, 
Hossein Ziai writes: “With all the myriad problems facing health 
care in the United States. ..this issue seems rather trivial in com- 
parison, and we question whether there is any demonstrable harm 
(as opposed to perceived harm) arising from these practices.’ The 
campuses’ concerns about their autonomy, and freedom of action 
for their staff, deserve careful consideration. 

But these arguments fall flat against the growing evidence that some 


C alifornia, home to the largest public university system in the 
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forms of support from drug companies can taint perspectives and 
practices. Policy analysts such as Lisa Bero at the University of Cali- 
fornia, San Francisco, have documented how pervasively industrial 
funding can influence the outcomes of studies, and have shown the 
inadequacy of measures meant to address these influences, such as 
disclosure of funding sources. Additionally, one source of the well 
documented problems of the US healthcare system is the large amount 
of money spent by pharmaceutical and medical-device vendors on 
marketing efforts, including some of the types of activity that would 
be banned under the University of California’s proposed policy. 

On both ethical and rational grounds the university’s policy is wor- 
thy of general support. But, as with most things, the broader issue 
here is a fiscal one. In 2004, the University of California’s president, 
Robert Dynes, signed a deal with Governor Arnold Schwarzenegger 
that froze state public funding of the university's system, began tuition 
and fee hikes, and committed the university to seek billions of dollars 
a year in additional private-sector funding. 

Ina sense, the latest policy tries to put the brakes on a trend towards 
heavier reliance on private funding that this fiscal squeeze has 
unleashed. The university's campuses are understandably concerned 
about their ability to attract funding from all sources so that they can 
continue to operate at world-class levels. The best course available to 
them, nonetheless, is to follow the high standards that have recently 
been set at other academic medical centres, such as those at Stanford 
University, and to embrace the proposed policy. 2 
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Carbon lost from lakes 


Global Biogeochem. Cycles 21, GB3002 (2007) 

An assessment of the carbon cycles of 41 

lakes on five continents has put new global 
numbers on lakes’ contribution to carbon in the 
atmosphere. The lakes’ net carbon emission, at 
around 86 million tonnes, is roughly equivalent 
to Spain's annual carbon emissions. 

Simone Alin of the University of Washington 
in Seattle and Thomas Johnson of the 
University of Minnesota in Duluth compiled 
available data for primary production, carbon 
burial and lake-atmosphere gas exchange 
for lakes (including Lake Malawi, pictured) 
representing more than two-thirds of the 
world’s total volume of freshwater and 
saline lakes. 

Overall, the lakes lose an order of magnitude 
more carbon to the atmosphere than they 
remove through burial of sediments. 


Viral endgame 


Proc. Natl Acad. Sci. USA doi:10.1073/ 
pnas.0705362104 (2007) 

Viruses could be placed in a ‘checkmate’ 
position with a strategy that identifies and 
blocks off all escape routes for evading 
antiviral agents by mutation. 

Richard Lerner, Sydney Brenner and their 
colleagues at the Scripps Research Institute 
in La Jolla, California, engineered bacteria- 
infecting phages to express the surface 
proteins of other viruses, such asa strain of 
influenza. They then exposed the phages to 
libraries of small molecules or antibodies 
to identify molecules that blocked the viral 
protein's interaction. Cycles of mutagenesis 
create phages in which the viral protein 
evades the blocker, whereupon new blockers 
can be found that stop that mutated form. In 
effect, the likely viral mutations in the wild are 
thus explored and counteracted in advance 
in vitro, so that the antidotes can be prepared 
in anticipation. 


Interaction over time 


Curr. Biol. 17, 1225-1230 (2007) 
Researchers have traced the 
evolution of a mechanism that 
controls the growth of more recently 
evolved plants. 

The hormone gibberellin acts by 
promoting the interaction of two 
proteins. Nicholas Harberd and his 
colleagues at the John Innes Centre 
in Norwich, UK, looked for this 
interaction in plants that diverged 
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at different points in time. 

The proteins are present in the most 
ancient plant studied, a moss, but don’t 
interact. In spikemosses, which evolved later, 
the hormone is present and the proteins 
interact, but they do not control growth. 
When they looked in the most recently 
evolved plant, the angiosperm Arabidopsis 
thaliana (or thale cress), they found that the 
system regulated plant growth. 

This suggests that the gibberellin-response 
mechanism evolved in a step-by-step fashion 
between around 300 million and 400 million 
years ago. 


Build-up in the brain 


Mol. Microbiol. doi:10.1111/j.1365-2958.2007.05837 
(2007) 
Certain variants of the malaria parasite 
Plasmodium falciparum preferentially 
accumulate in the brain, researchers 
have found. 

P falciparum manufactures proteins 
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that make the red blood cells it infects 
(pictured below) stick to the lining of small 
blood vessels. In the brain, this can lead to 
blockages that may ultimately cause the 
infected person's death. 

Jacqui Montgomery of the Malawi- 
Liverpool-Wel lcome Programme of Clinical 
Tropical Research in Blantyre, Malawi, and 
her colleagues compared the expression of 
var genes, which encode such proteins, in 
parasites taken from the brain, lung, heart 
and spleen of malaria patients. The team 
identified a couple of var genes that are 
specifically expressed in the brain and could 
represent targets for future therapies. 


Release from helplessness 


Neuron 55, 289-300 (2007) 
Researchers report that a protein called AFosB 
may help mice to cope with repeated stress. 

When mice experience recurrent, 
inescapable stress, some simply stop 
trying to get away. This behaviour, called 
‘learned helplessness, is relieved by 
antidepressants and is used to model 
depression and post-traumatic stress 
disorder. 

Now, Eric Nestler of the University 
of Texas Southwestern Medical 
Center in Dallas and his colleagues 
have found that AFosB is expressed by 
neurons that contain a pain-signalling 
peptide called substance P, in a brain 
region called the periaqueductal gray. 
Overexpressing AFosB in stressed 
mice diminishes stress-induced. 
release of substance P, and reduces 
learned helplessness. 
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MATERIALS SCIENCE 


Water pores 


J. Am. Chem. Soc. doi:10.1021/ja073067w (2007) 
Specially designed lipids can polymerize to 
create a three-dimensional network of pores 
perfectly tailored to filter salts out of water, 
researchers in the United States have found. 
The hope is that such ‘nanofilters’ could be 
used for desalination in regions where fresh 
water is scarce. 

The nanofilter developed by Douglas 
Gin, Richard Noble and their colleagues at 
the University of Colorado in Boulder has 
uniform pores that have an effective size of 
just 0.75 nanometres — around three times 
as big as a water molecule. This means that 
water can flow through but larger ions get 
blocked. 


BIOTECHNOLOGY 
Pick up a prion 


Nature Methods doi:10.1038/nmeth1066 (2007) 

A newassay may prove quicker than existing 
techniques for detecting prions — the 
proteins responsible for brain 

diseases such as scrapie in 
livestock and Creutzfeldt- 
Jakob disease in people. 

Currently, researchers 
monitor the ability 
of a sample of tissue 
or neural fluid to convert 
normally folded prion 
protein from brain tissue 
into the infectious, 
misfolded aggregates 
characteristic of disease. 
But the assay takes weeks to reach 
optimal sensitivity. 

Ryuichiro Atarashi and his team at the 
Rocky Mountain Laboratories in Hamilton, 
Montana, instead tested samples against 
prion proteins produced by bacteria. These 
proteins can be engineered to carry probes 
that make it easy to monitor the structural 
changes that occur in the protein when 
aggregates form. The assay, tested on samples 
from hamsters with scrapie, takes three days 
or less. 


CELL BIOLOGY 


Quick change 


Cell 130, 77-88 (2007) 
Our cells may be poised to change fate, 
reports a team led by Richard Young of the 
Whitehead Institute for Biomedical Research 
in Cambridge, Massachusetts. 

Young’s team looked in embryonic stem 
cells and two types of adult cell for chemical 


signals usually found close to genes that are 
being actively transcribed. They found these 
signals near about three-quarters of protein- 
coding genes in all the cell types. This was 

a surprise, because less than half of these 
genes were turned into the complete mRNAs 
needed to make proteins. 

Although the cellular machinery initiates 
transcription at many genes, it only finishes 
transcribing some. This may allow the cell to 
quickly change fate under certain conditions 
by extending to completion the transcription 
of key genes. 


GENETICS 


Time waits for no fly 


Genome Res. doi:10.1101/gr.6216607 (2007) 
Whether you look at brain, gut, muscle or 
fat, ageing exacts its toll on an animal's body. 
Nowa study of fruitflies (pictured below) has 
found that gene expression follows different 
ageing patterns in different body tissues, with 
little overlap. 

Researchers led by Sige Zou at the National 
Institute on Aging in Baltimore, Maryland, 
did a genome-wide screen of fruitflies aged 
between 3 and 60 days old. They 
identified hundreds of genes 
that were turned 
up or down 
in seven 

different 

tissues 
as the 
flies 
aged. When 
they compared 
the gene expression 
patterns of any two tissues, 
fewer than 10% of the 
changes were in the same genes. 


PALAEONTOLOGY 


When dinos hit puberty 


Biol. Lett. doi:10.1098/rsbl.2007.0254 (2007) 
Many dinosaurs hit puberty before they 
reached adult size, according to a new study. 

Gregory Erickson of Florida State 
University in Tallahassee and his colleagues 
studied seven fossilized dinosaurs that were 
brooding when they died. The specimens’ 
body sizes indicate that they followed a 
growth and maturation pattern more akin to 
that of modern crocodilians than their other 
descendants, birds. 

Birds reach their full size long before sexual 
maturation. The discovery hints that this 
life-history trait may have emerged relatively 
recently, and no earlier than the first true 
bird, Archaeopteryx. 
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Jon Kleinberg 
Cornell University, Ithaca, New 
York 


A computer scientist wonders 
how much information is really 
good for us. 


lam interested in understanding 
how groups of people or computer 
systems work together to solve 
complex problems. This is relevant 
in real-life situations that demand 
collective problem-solving, ranging 
from scientific research to military 
operations, so we hope to learn 
about the underlying mechanisms 
through experiment. 

Stanley Milgram's famous ‘six 
degrees of separation’ studies 
form one such set of experiments. 
In these, participants were asked 
to help send a letter to a far-away 
stranger by forwarding it toa 
friend they thought might know 
the target. That this strategy often 
succeeded hints at how people 
lacking a global picture of the social 
network they inhabit can still jointly 
solve a difficult search problem. 

One of the interesting questions 
here is how a group's ability to 
solve a problem is affected by the 
amount of information available. | 
expected that if people had a global 
view of the system, rather than 
just a local one, their effectiveness 
at solving the problem would 
increase. 

A fascinating experiment (M. 
Kearns et al. Science 313, 824-827; 
2006) shows that this isn’t always 
so. The researchers posed a task in 
which they deliberately varied how 
much information was revealed to 
participants about what others in 
their group were doing. 

For certain settings of the 
problem, giving participants a 
global view significantly slowed 
down progress. People faced 
with too much information ina 
time-pressured setting became 
overloaded’, and this impaired the 
group's function. 

As we consider designing tools 
to help people work together 
effectively, we should remember 
that increasing everyone's 
situational awareness might 
not always lead to improved 
performance. 


Discuss this paper at http:// 
blogs.nature.com/nature/ 
journalclub 
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NEWS 


Quake shuts world's 
largest nuclear plant 


No one died as a result of Japan's latest nuclear incident and 
environmental damage seems to have been mostly avoided. But is 
this testimony to successful plant design or a warning of impending 
disaster, asks David Cyranoski in Tokyo. 


fter the stunning revelation that the 

\ nuclear power plant damaged in an 

earthquake last week was built above an 

active fault line, Japan faces an uphill struggle to 

convince its citizens, and the rest of the world, 
that its commitment to nuclear power is safe. 

Perched on top of four converging tectonic 
plates, Japan is one of the most earthquake- 
prone countries — geological instability causes 
around 1,000 tremors a year there. And yet, 
with 55 operating reactors, it has the third larg- 
est nuclear generation capacity in the world 
— behind France and the United States. With 
few indigenous energy resources, Japan relies 
on nuclear power for about a third of its needs, 
and aims to up this to 40% in an ambitious 
expansion programme that will see 11 new 
facilities built by 2017. 

This tricky dichotomy was brought into 
stark relief on 16 July when a magnitude-6.8 
earthquake caused a shut down of the Kashi- 
wazaki-Kariwa plant, in Niigata prefecture on 
the west coast. The damage to the facility was 
relatively minor, no one died and the amount 
of radiation released was reportedly negligi- 
ble — well within international safety limits. 
Nevertheless, the incident has sparked fears 
that neither Japan's nuclear facilities nor its 


nuclear safety evaluation system can handle 
the seismic activity that plagues the country 
(see ‘The big one’). 

The quake — which killed ten people and 
injured more than 1,000 in Niigata — sparked 
a fire in a transformer that supplies electricity 
to one of Kashiwazaki-Kariwa’s seven reactors 
and leaked radioactive cooling water into the 
sea and gas into the atmosphere. The plant 
— the world’s largest in terms of power out- 
put — has been shut indefinitely. International 
observers have described the handling of the 
incident by its owner, Tokyo Electric Power 
Company (TEPCO), asa public-relations dis- 
aster, especially in light of the country’s history 
(see ‘A shaky nuclear record’). 


Catalogue of errors 

Because the earthquake occurred on a national 
holiday, only four people were available to 
fight the transformer blaze, so it took around 
90 minutes and the help of local firefighters to 
put it out. The public were not informed of the 
incident for seven hours, and the disclosures 
of leaks and malfunctions trickled out over 
several days. TEPCO initially said that 100 
drums of solid nuclear waste had fallen over, 
but inspectors later said hundreds had been 


Cracks in the ground next to Tokyo Electric Power 
Company's Kashiwazaki-Kariwa nuclear plant. 


knocked over, and the lids of several dozen had 
opened, spilling their contents. 

The list of malfunctions, damages and mis- 
takes rose from an initial 50 to 63 in the ensuing 
days, and included an admission by the com- 
pany that the 1,200 litres of contaminated water 
that poured into the ocean was 50% more radio- 
active than it had previously stated. Perhaps 
most worrying was the discovery, nearly three 
days after the quake, that radioactive iodine gas 


A shaky nuclear record 


A string of past accidents, safety 
lapses and cover-ups in Japan 
have shaken public confidence in 
the industry. 

* July 2007: earthquake damage 
at the Kashiwazaki-Kariwa nuclear 
power station run by Tokyo Electric 
Power Company (TEPCO) results 
in radioactive leaks, burst pipes 
and a fire. 

* February 2007: TEPCO admits 
199 cases of falsifying inspection 
data at three nuclear power plants, 
including Kashiwazaki-Kariwa. 

* August 2006: negligible 
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radiation released via radioactive 
heavy-water steam at TEPCO's 
Fukushima-Daiichi power plant. 

* August 2004: five workers at 
the Mihama nuclear power station 
run by Kansai Electric Power 
Company killed and six injured by 
boiling water and steam when a 
corroded pipe bursts. 

* February 2004: eight workers 
exposed to low-level radiation 
at the Japan Atomic Power 
Company's plant in Tsuruga when 
they are accidentally sprayed with 
radioactive water. 


* September 2003: small leak of 
radioactive water from a reactor 
at Chubu Electric Power's plant in 
Hamaoka. 

* September 2002: TEPCO 
ordered to close all its reactors 
after admitting it falsified data. 

* November 2001: Hamaoka 
plant shut down after two 
radioactive leaks occurred within 
days of each other. 

* July 2000: more than 100 litres 
of radioactive water leak froma 
reactor at the Fukushima plant 
after an earthquake. 
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* September 1999: high-level 
radiation leak at JCO Company's 
fuel-reprocessing plant in 
Tokaimura when uranium oxide 
being mixed went critical because 
of deviations from prescribed 
procedure. Two workers die later 
from radiation exposure. 

* March 1997: workers exposed 
to low doses of radiation after 
a fire and explosion at another 
Tokaimura fuel-reprocessing plant 
(operated by the official Japanese 
fuel-reprocessing organization 
Donen). 
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MANIC MOOD SWINGS 
CAN KILL GREY MATTER 
Bipolar episodes decrease 
brain size, and possibly 
intelligence. 
www.nature.com/news 


was still being vented from one of the reactors. 

TEPCO built the facility to withstand a 
magnitude 6.5 quake — the Japanese safety 
standard for reactors located on sites not above 
an active fault line. But it has now emerged that 
the offshore epicentre of last week’s quake is 
on an active fault line that probably extends 
directly under the Kashiwazaki-Kariwa plant. 
A preliminary investigation of the quake and 
its aftershocks has revealed a fault line of up to 
30 kilometres long. 

Akira Fukushima, of Japan’s Nuclear and 
Industrial Safety Agency in Tokyo, says that 
four fault lines were identified at the site in 1980 
before the facility was built, but that all were 
considered inactive. Nature has heard claims 
from Japan's seismologists that data indicating 
an active fault line was potentially under the site 
were ignored when the plant was enlarged. 

Hiroaki Nakata, a seismologist at the Hiro- 
shima Institute of Technology, says that TEPCO 
found a seven-kilometre-long fault line in 1996, 
during investigations as part of its application to 
install two new reactors on the plant, but failed 
to investigate it fully. 

Nakata has produced a map showing where 
fault lines taken from TEPCO data should 
have extended. “When we find an active fault, 
we check features surrounding it. There’s no 
reason for TEPCO to have stopped when they 
did. There are many places where they missed 


The big one 


‘Genpatsu-shinsai’, aterm 
coined by seismologist 
Katsuhiko Ishibashi at Kobe 
University in Japan, is the 


media's post-quake buzzword. 


Anamalgamation of the 
words for nuclear power 
and earthquake disaster, it 
describes a nuclear meltdown 
caused by a quake. Many fear 
that genpatsu-shinsai will be 
realized at the old Hamaoka 
plant in Shizuoka on the coast 
southwest of Tokyo, which 
has become the focus of anti- 
nuclear protest in the country. 
Hamaoka is built directly 
on top of a major fault line. 
Just offshore, in the Pacific 
Ocean, three of the planet's 
main tectonic plates rub 
against each other. The 


reactors at Hamaoka may be 
the strongest anywhere in the 
world — they are encased in 
massively reinforced concrete 
bunkers, supposedly able to 
withstand a quake of up to 

8.5 in magnitude. The Tokyo 
authorities are now working to 
a disaster plan that assumes 
an 87% probability of a 
magnitude 8.0 quake within 
30 years. 

But the earthquake that 
triggered the 2004 Indian 
Ocean tsunami measured 
more than 9.0. 

Kiyoo Mogi of Tokyo 
University, former chairman 
of Japan's top authority on 
earthquake prediction, the 
Coordinating Committee for 
Earthquake Prediction, said 


the plant poses a serious 
safety risk and that atomic 
experts are calling for it to be 
shut down. Mogi said that it is 
“hard to say at this stage how 
many nuclear power plants 
should be stopped... but | can 
say Hamaoka power plant in 
Shizuoka should be stopped 
immediately”. 

Lawyer Mitsuhei Murata 
of Tokai Gakuen University, a 
former diplomat and leading 
anti-nuclear campaigner 
told Nature that a quake at 
Hamaoka could smash the 
reactor. This, he says, could 
send a radiation cloud across 
Tokyo within 8 hours, killing 
hundreds of thousands of 
people immediately and 
millions thereafter. D.C. 


— or intentionally avoided — seeing fault lines, 
Nakata says. 

Daisuke Suzuki, TEPCO spokesman for the 
Kashiwazaki-Kariwa plant, says of new guide- 
lines to govern reactors and quake resistance, 
“The 2007 guidelines require us to look back 
130,000 years, rather than the previous 50,000, 
so we might find evidence that it was active.” 

“The new guidelines also require geomorpho- 
logical techniques to be used now, which may 
have revealed that the fault was longer if we had 
used them before;’ Suzuki says. 
He admits the earthquake was 


this fault. “If so, it must be longer 
than seven kilometres to have caused such a 
large earthquake.” 


Blind thrusts 

The new guidelines — under which all 55 reac- 
tors are being re-evaluated — are an improve- 
ment, says Katsuhiko Ishibashi, a seismologist 
at Kobe University’s Research Centre for Urban 
Safety and Security and a member of a 2006 
government subcommittee to revise them. For 
example, the method to estimate ground shak- 
ing is better. But his proposal to reconsider the 
survey standards for active faults in the guide- 
lines was dismissed by the committee. 

The guidelines also failed to factor in the 
effects of ‘blind thrusts’ — movements that 
cannot be seen by seismologists but can cause 
quakes with magnitudes of greater than 6.5. 
Ishibashi says that “the committee’s misun- 
derstanding leads to a strong underestimation 


©2007 Nature Publishing Group 


"This case is close to 
probably caused by movement of the worst scenario.” 


of powerful earthquakes”. On the day of the 
last committee meeting, Ishibashi resigned in 
protest. 

So is it safe to build a nuclear facility on such 
shaky ground? Scott Burnell, a spokesperson 
for the US Nuclear Regulatory Commission in 
Maryland, argues that they can endure floods, 
tornadoes, hurricanes, earthquakes and even 
a tsunami. “They are designed to withstand 
just about everything short of a meteor strike,” 
he says. 

The worldwide track record 
in nuclear versus nature has 
been good. In 1992, a690-meg- 
awatt reactor at Turkey Point 
in Florida weathered the winds of Hurricane 
Andrew. And in 2004, the Kalpakkam reactor 
near Madras, India, emerged unscathed froma 
massive tsunami that engulfed the city in which 
it was located. Sensors detected the rising water 
level and shut down the reactor before the tsu- 
nami reached the shore. 

Most observers agree that the Kashiwazaki- 
Kariwa reactor seems to have performed well. 
Despite being designed for a lower-magnitude 
quake, the reactor buildings are mostly intact. 
Mitsuru Uesaka, a nuclear engineer at the 
University of Tokyo, says that given the differ- 
ence between the expected shaking and that 
experienced, “this case is close to the worst 
scenario. Even so, the leaked radiation was 
negligible,” he says. a 
David Cyranoski, with additional reporting 
from Geoff Brumfiel in Washington DC. 

See Editorial, page 387. 
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Darfur lake is a ‘mirage’ 


“Water find may end Darfur war,” proclaimed 
headlines last week, describing a claim by 
researchers at Boston University in Massachu- 
setts to have identified the site of an ancient 
lake in northern Darfur that could imply 
extensive groundwater reserves. But geolo- 
gists speaking to Nature dismissed the hype, 
pointing out that the lake dried up thousands 
of years ago and that it will not necessarily be 
surrounded by aquifers holding ancient water. 
Furthermore, they say that the lake was identi- 
fied in the 1800s, and that its size and shape 
were detailed over a decade ago. 

The press release from Boston University 
— entitled “Mapping of ancient mega-lake by 
Boston University scientists catalyst for global 
humanitarian outreach — announced a ‘1,000 
Wells for Darfur’ initiative to drill around the 
lake “to create new groundwater resources to 
help establish peace and economic security in 
the region” 

The initiative was launched by the gov- 
ernment of Sudan after a meeting between 
President Omar al-Bashir and geologist 
Farouk El-Baz, director of the Boston Univer- 
sity Center for Remote Sensing. El-Baz had 
announced the discovery of the 30,750 square 
kilometre lake — which would have contained 
around 2,500 cubic kilometres of water — in 
April, after scouring Landsat satellite images 
and sand-penetrating radar data from the 
Shuttle Radar Topography Mission. 

The medias portrayal of a lake that actually 
contains water now stems from the way the Bos- 
ton group presented its claims, says Mohamed 
Abubuker, an official at the Ministry of Irriga- 
tion and Water Resources in Khartoum. “The 
general public in Sudan, and even some very 


Mediterranean 
: Sea, 
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high-ranking officials, came to believe that what 
has been discovered is literally a lake — perhaps 
even with fish in it,” he says. “The way El-Baz 
presented his efforts helped consolidate this mis- 
conception. It was like a political rally for a presi- 
dency run-up rather than a scientific portrayal 
of facts? 

El-Baz contests this alle- 


“The general public in Sudan, 
gation. “It is incomprehen- and even high-ranking 


exists as groundwater in the so-called Nubian 
sandstone aquifer that stretches across Chad, 
Libya, Egypt and Sudan. The International 
Atomic Energy Agency, based in Geneva, has 
a programme to manage this aquifer. 

Geologists argue that the rocks beneath and 
around the ancient lake are no more likely to 
hold water than those elsewhere in the Nubian 
aquifer. “Nearly everywhere it is present in Egypt 
the Nubian sandstone is water-bearing, so it is 
a matter of simple common sense that it would 
be the first place to look for significant ground- 
water reserves in Sudan,” says Neil Sturchio, a 
geologist at the University of Illinois in Chicago, 
who describes the lake story as “hype”. 

There may actually be less chance of finding 
substantial water in the lake vicinity in northern 
Darfur than elsewhere on the aquifer. Although 
the porous, water-retaining sandstone aquifer is 
up to 3,500 metres thick at its northern fringes 
in Egypt, it thins to just a few hundred metres in 
northern Darfur, its southernmost reach. 

Alain Gachet, a French geologist who has 
spent decades exploring for 
oil and water in the region, 
says that the configuration 


sible for anyone to thinkit officials, came to believe that —ofrocks in the vicinity of the 


is a physical lake,” he says, 
adding that he consistently 


water would have seeped 
through the sandstone substrate to accumulate 
as groundwater, and that drilling the sandstone 
under and around the ancient lake could yield 
fresh water. 

The Sahara region is known to have been 
rainy in past millennia, and this ancient water 


what has been discovered 


made it clear that his argu- is literally a lake — perhaps 
ment was that the lake’s_ e@yen with fish in it.” 


lake makes substantial water 
reserves even more unlikely. 
The lake is in an uplifted 
area, which has accelerated 
the erosion of the Nubian 
sandstones underneath, he says, and he claims 
that the lake is probably underlain by a crust of 
granite and other impermeable rocks rather 
than sandstone. 

“There is obviously no trace of water at the 
bottom of this lake. In the best case, it would 


California campuses resist industry restrictions 


Campuses at the University of 
California are fighting a move to 
restrict their interactions with 
industry representatives. 

Last year, officials at the 
University of California proposed 
aset of draft guidelines to govern 
how industry representatives can 
influence students and employees 
of the university's health sciences 
facilities and campuses, including 
medical and pharmacy schools. 
The measures would ban free gifts 
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and samples for clinicians, catered 
lunches for medical students and 
so-called unrestricted research 
grants from industry. 

But on 12 July, the campuses 
roundly rejected the proposed 
guidelines, calling them 
“unacceptably vague, overbroad, 
and impinging on academic 
freedom". Speaking on behalf of 
the campuses, the system-wide 
academic council recommended 
that the university's president ditch 


the guidelines altogether. 

“The Academic Council... 
respectfully requests that the 
[University of California Office of 
the President's] Office of Clinical 
Services withdraw this proposal at 
this time,” wrote academic council 
chair John Oakley, a law professor 
at the University of California, 
Davis, ina letter to the University of 
California president's office. 

The president's office will 
review the recommendations and 
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decide how to proceed, said office 
spokesperson Jennifer Ward. 

The move bucks a recent trend of 
medical schools clamping down on 
the close relationships that industry 
cultivates with faculty and students. 
Medical schools across the nation, 
from Yale University in New Haven, 
Connecticut, to Stanford University 
in Palo Alto, California, have passed 
rules restricting gifts, free lunches 
and money that often flows freely 
from pharmaceutical companies, 


LIQUIDS BOUNCE AGAIN 
Jumping jets move from the 
bathroom to the kitchen. 
www.nature.com/news 
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Sheikas (traditional women leaders) at the south Darfur camp are in urgent need of water. 


be so salty that it would be undrinkable,” says 
Gachet, who uses radar remote-sensing tech- 
niques to detect aquifers close to the surface and 
is working with UN agencies to map potential 
wells across Darfur. 

El-Baz admits there is a real possibility that 
there may be little sandstone in contact with 
the lake, but argues that this can be established 
only by drilling and geophysical surveys. 
“Gachet is right to say the lake has dried up, 
but not ifhe says that some of its water would 
not be held beneath the desert surface,” he says, 
“No one can paint the subsurface picture with 


the available information” 

Mike Edwards, of the Centre for Water 
Research at the University of Oxford, UK, says 
that itis misleading to suggest that groundwater 
will be found if the area of a former palaeolake 
is drilled. He adds that “there is no substitute 
for drilling as far as groundwater resources are 
concerned — but there will already be quite a 
few wells in this area. El-Baz’s work is certainly 
not innovative.” 

Even if extensive water resources were to be 
found in northern Darfur, this would do little 
to alleviate the situation in western and south- 


ern Darfur, where current needs are greatest, 
say geologists. The geology of these areas is 
mainly impermeable rock, with only a few 
outcrops of sandstone aquifer. 

If the Darfur aquifer did yield water it 
would only be a stop-gap solution as the aqui- 
fer is not being replenished by rainfall and the 
fossil water reserves are finite, says Johanna 
Kieniewicz, an expert on the Nubian aquifer 
at Denison University in Granville, Ohio. “It’s 
essentially ‘mining’ groundwater,” she says, 
adding that many of the oases in Egypt feed- 
ing off the Nubian aquifer have only around 
50 years of water supply left. 

The widespread notion that water is at the 
origin of the Darfur genocide, and so could be 
a solution, is also simplistic say experts. That 
idea has been perpetuated by Ban Ki-moon, 
secretary-general of the United Nations, who 
recently painted the genocide asa tragic result 
of resource scarcity. 

But experts on the region argue that the true 
culprit is the National Islamic Front, which 
came to power in Khartoum in 1989 and has 
since expanded its political base though ethnic 
cleansing (see Nature 447, 1038; 2007). 

Al-Bashir is himself allied to the National 
Islamic Front. El-Baz defends obtaining sup- 
port from such sources, and says his own 
efforts are apolitical. “This is science in the 
service of a humanitarian cause.” 

And even the novelty of the mega-lake 
‘discovery, which is to be published in the 
International Journal of Remote Sensing, has 
been questioned. Geologists claims that the 
palaeolake was identified by German scien- 
tists in 1985 and mapped during the 1990s. El- 
Baz admitted to Nature that the ancient lake 
deposits he claimed to have found had already 
been discovered, but says that new satellite data 
allowed his group to map its full extent. a 
Declan Butler 


medical device manufacturers and 
other industry sources to doctors, 
researchers and students. The 
bans have been sparked in part by 
an article published in January last 


cultivating close relationships 
with industry that have caused 
controversy. 

For instance, some members 
of the faculty of the University 


whether it should accept research 
funding from tobacco companies 
(see Nature 446, 242; 2007). 
This worries academics such as 
Lisa Bero, a professor of clinical 


derail the university's vendor policy 
"disappointing". She notes that 

no University of California school 
has implemented a comprehensive 
ban on gifts and other industry 


year (T. A. Brennanetal.J.Am.Med. of California, pharmacy and influence on campus, and disputes 
Assoc. 295, 429-433; 2006). In the Berkeley have “Whether they're called health policy at the academic freedom argument 
article, doctors and researchers protested , the University of cited in opposition to the proposed 
called on academic medical centres againsta $500 unrestricted or not, a lot California, San system-wide policy. 


to tighten their policies to eliminate 
conflicts of interest between 
their employees and faculties and 
industry. 

But under president Robert 
Dynes, the University of California 
has gone in the opposite direction, 


milliondealtheir of these grants do have 
campus signed 
with the energy 
company BP in February (see 
Nature 445, 688-689; 2007). And 
for several years the university has 
been embroiled in a debate about 


strings attached.” 
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Francisco, who 
studies the way 
such ‘unrestricted’ 
funding can influence both research 
and clinical practice (Br. Med. J. 
326, 1167-1170; 2003). Bero calls 
the academic council's attempt to 


“The evidence we have shows 
that whether they're called 
unrestricted or not, a lot of these 
grants do have strings attached,” 


Bero says. oO 
Erika Check 
See Editorial, page 388. 
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“The pain was 
immediate and 
felt like my body 
was on fire.? 
Endurance swimmer Lewis Pugh 
(pictured) after his 19-minute swim 
at the North Pole, when he braved 


water temperatures of -1.8 °C to 
raise awareness of melting polar ice. 


REUTERS 


SCORECARD 


Low-sugar water melons 
Diabetics and dieters 
will be pleased to learn 


that US geneticists have bred 
water melons with 50% less 
sugar than normal. 


High-fat friends 
A30-year study 
monitoring some 12,000 


Americans concludes that they 
were 57% more likely to become 
obese if one of their close friends 
became obese too, suggesting 
that social ties help to spread the 
obesity epidemic. 


ZOO NEWS 


Prolific panda 

Huamei, a US-born giant panda 

now living at a reserve in Sichuan, 

China, has delivered 

her third set of twins, 

boosting 
China's 
captive 
giant-panda 

population by 

nearly 1%. 


CHINA DAILY/REUTERS 
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74 watts isthe power needed 
to display a full-screen version 


Carbon sinks threatened 


by increasing ozone 


Rising levels of ozone pollution 
over the coming century will erode 
the ability of plants to absorb car- 
bon dioxide from the atmosphere, 
a new climate-modelling study 
predicts. 

Ozone is already known to be a 
minor greenhouse gas, but the new 
calculations highlight another, indi- 
rect way in which itis likely to influ- 
ence global warming by 2100. High 
levels can poison plants and reduce 
their ability to photosynthesize, says 
Stephen Sitch of the UK Met Office's 
Hadley Centre for Climate Predic- 
tion and Research in Exeter. 

Whereas ozone high in the 
stratosphere shields Earth from 
solar ultraviolet rays, high levels of 


Beijing smog is a sign of rising ozone pollution. 


ozone closer in are toxic to plants 

and animals. Ozone is generated when oxides 
of nitrogen — chiefly from vehicle exhausts 
and fossil-fuel power stations — react with 
other chemicals in the air. 

Many of the world’s most polluted areas 
routinely endure ozone concentrations higher 
than 40 parts per billion, enough to damage 
plant life. By the end of the century, virtually 
all the world’s populated areas are predicted to 
be above this threshold. 

Plant growth is a vital carbon sink, esti- 
mated to suck up around a quarter of the CO, 


emitted into the atmosphere. “This study 
combines knowledge about ecosystem func- 
tion with atmospheric chemistry, and that’s 
never been done before,” says Sitch. “No one 
has considered the detrimental effect of ozone 
on plants.” 

The issue is complicated by the intricate 
interplay between rising CO, levels, which 
boost plant growth, and increasing ozone, 
which stunts it. Some ecosystem models had 
predicted that the rise in CO, expected over the 
coming century might be offset by the expected 
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of the Google homepage ona 
conventional cathode-ray monitor. 


3,000 megawatt- 
hours isthe energy that would 
be saved worldwide each year if 
everyone switched to blackle.com, 
anew website that allows users to 
do Google-powered searches from 


a dark page that uses only 59 watts. 


25% isthe proportion of 
computers worldwide that still use 
cathode-ray monitors. This figure 
is declining all the time, prompting 
cynics to argue that ‘dark 
searching’ is merely a gimmick. 


Sources: The Times, USDA, N. Engl. J. 
Med., blackle.com; ecolron, Reuters 


Diamonds ‘melted’ inside an onion 


Diamonds may not be for ever: 
researchers think they have 
seen, for the first time, the 
molten form of what is arguably 
the world’s hardest material. 
Jianyu Huang of Sandia 
National Laboratories in New 
Mexico heated diamond, at 
high pressure, to more than 
2,000 °C inside microscopic 
hollow shells of carbon 
and watched the diamond 
soften (J. Y. Huang Nano 
Lett. doi:10.1021/nl0709975; 
2007). 
Huang describes this as 


quasi-melting. It is not true 
melting, he says, because 

the diamond particles don't 
become liquid carbon, but 
instead flicker between crystal 
forms by continually melting 
and instantly refreezing ina 
different conformation. 

This is the closest anyone 
has ever come to directly 
melting diamond. No one really 
knows what molten carbon 
looks like. One form, graphite, 
seems to break down into 
liquid-like blobs when heated 
to high temperatures, although 
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they have not been examined 
while still molten. But until 
now, molten diamond had not 
been achieved. 

A key problem is that 
when diamond is heated to 
very high temperatures, at 
atmospheric pressure, it turns 
into graphite rather than 
melting. To overcome this, 
Huang's team used structures 
known as ‘carbon onions’ to 
create very high pressures and 
temperatures. 

These roughly spherical 
concentric shells of graphite- 
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boost in the growth of forests and swamps. But 
factoring in ozone means that it looks less likely 
that this carbon sink will grow fast enough to 
keep pace with the increasing emissions. 

Eva Pell, who studies the effects of ozone 
on plants at Pennsylvania State University in 
University Park and who was not involved in 
the study, finds the results credible. “There is 
no doubt that ozone reduces CO, fixation,” she 
says. “It makes sense that the adverse effects of 
ozone would be dampened by elevated CO,, 
and the ability of plants to serve as carbon 
stores in an elevated CO, environment would 
be reduced by elevated ozone.” 

In 1901, according to the researchers’ calcu- 
lations, plant growth was responsible for stor- 
ing 113 billion tonnes of carbon worldwide. By 
2100, this figure is predicted to be 171 billion 
tonnes — without ozone it would be more 
than 200 billion tonnes, they say. Their results 
are published online this week (S. Sitch et al. 
Nature doi:10.1038/nature06059; 2007). 

Different plant species vary in their sensitivity 
to ozone, and these figures reflect predictions 
based on a fairly high average level of toxicity, 
says team member Bill Collins of the Met Office. 
But even in the researchers’ low-sensitivity 
calculations, there's likely to be a dent of around 
15 billion tonnes in overall carbon sequestra- 
tion as a result of the effects of ozone. 

“The bottom line is that ozone is a greenhouse 
gas, so it’s known to contribute to the green- 
house effect. Our study says you should double 
that predicted contribution,” says Collins. 

Unlike most greenhouse gases, ozone is 
a short-lived, regional pollutant that can be 
tackled at an individual level using catalytic 
converters, for example, to reduce precursors 
to ozone, Sitch suggests. a 
Michael Hopkin 
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Quick change: molten diamond flickers between crystal forms. 


| SEQUENCED 2 
Ancient tooth reveals y 
elephants’ family tree. 2 
www.nature.com/news 
M in the maki 
The physical changes that occur when the Only rats that had undergone learning 
brain makes a new memory have been and memory acquisition showed new 
observed for the first time, say researchers, synaptic growth, Lynch says (V. Fedulov 
who hope to go on to map the distribution —_ etal. J. Neurosci. 27, 8031-8039; 2007). 
of memory across brain regions. And the hippocampal synapses to which 

Gary Lynch of the University of the LTP fluorescent marker attached 
California, Irvine, and his colleagues were 50% larger than other synapses not 
examined the junctions between neurons involved in LTP. 

— synapses — in three dimensions Furthermore, when the group looked 
using a technique called restorative at hippocampal slices from a third group 
deconvolution microscopy (RDM). of rats, which had been allowed to learn 
This consists ofa sensitive light the same new environment but been given 
microscope with a drug to block LTP, the 
computer algorithms “Wesaw thatthe synapses showed no new 
that analyse light synapses had actually growth, and were similar 
scattered above and to those of the second 
below the focal changed shape as a result group. This indicates that 
point, producing a of the new memory.” the new synaptic growth 
three-dimensional observed in the study is a 
‘trace’ of an object’s structure. result of LTP, Lynch asserts. 

In previous work, the group developed “We saw that the synapses had 
a fluorescent marker that attaches to actually changed shape as a result of the 
synapses in the brain that have recently new memory, Lynch says. “They went 
undergone a certain type of neuron- from oval to circles, which have a 
to-neuron connection believed to be greater surface area.” He now aims to 
responsible for encoding memory, called use the technique to see which other 
long-term potentiation (LTP) (L. Y. Chen areas of the brain might be involved 
et al. J. Neurosci. 27, 5363-5372; 2007). in memory. 

The team exposed live rats to a novel Being able to look at memory at the 
environment and allowed them to learn synaptic level is a major advance, says Mark 
its layout. They then removed the animals’ _ Bear, a neuroscientist at the Massachusetts 
brains to examine the hippocampus Institute of Technology in Cambridge. 

— aregion involved in memory — using But he hesitates to accept the conclusions 
RDM to observe individual synapses. A Lynch’s team has drawn. “I don’t think it’s 
second group of rats was shown the new been proven that these [synaptic] changes 
environment but not allowed to explore it | represent the memory,’ he says. a 
before their brains were examined. Kerri Smith 
of the Institute for Physical Asthe onions shrank, thecarbon & 
Chemistry in Mainz, Germany, and at the centre was transformed $ 
Pulickel Ajayan of the Rensselaer from graphite todiamond.When 2 


Polytechnic Institute, New York, 
showed that graphite-like carbon in 
the onion’s centre can be converted 
to diamond in these chambers 

(F. Banhart and P. M. Ajayan Nature 
382, 433-435; 1996). 

Huang's team used carbon 
onions with a carbon nanotube 
attached to the outside. They 
wired up the nanotube and heated 
the tube-onion composite while 
irradiating it with electrons. 


like carbon act as high-pressure 
cells that shrink when blasted with a 
beam of electrons. As they contract, 


the material in their centres is 
squeezed to very high pressures. 
Previous studies by Florian Banhart 


Huang estimates that this created 
temperatures of more than 

2,000 °C and pressures of around 
400,000 atmospheres at the core. 
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this got hot enough, it adopted the 
fluctuating quasi-molten state, 
Huang explains. Ultimately, he 
hopes, it will be possible to make 
fully molten diamond, so that the 
onions have liquid carbon cores. 
But not everyone is confident 
that the diamond is really melting. 
Although Banhart says the new 
work is interesting, he thinks 
that the carbon may instead be 
switching between diamond and 
graphite — each time it returns 
to diamond, the crystals will look 
different, he says. i) 
Philip Ball 
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Libyan ordeal ends: medics freed 


A French government aircraft 
carrying six medical workers 
convicted of deliberately infect- 
ing children with HIV touched 
down in Sofia, Bulgaria, on 24 
July, ending their 8-year ordeal 
in a Libyan prison. 

The five Bulgarian nurses and 
a Palestinian doctor — given life 
sentences after more than 400 
children contracted HIV at the 
hospital they worked at in Beng- 
hazi in 1998 — were immedi- 
ately pardoned by Bulgarian 
President Georgi Parvanov. The 
charges, denied by the six, have 
been condemned as baseless by 
scientists, who argued that the 
outbreak was accidental and 
caused by inadequate sanitary 
precautions at the hospital. 


REPUBLIQUE FRANCAISE. 


a 


Sofia airport: Bulgarian president Georgi Parvanov pardons the medical team 
convicted of infecting Libyan children with HIV. 


workers was Seif al-Islam Gadd- 
afi, son of the Libyan leader 
Muammar al-Gaddafi, through 
his charity the Gaddafi Develop- 
ment Foundation. He is thought 
to be personally convinced that 
the outbreak was accidental. 

More controversial is the role 
played by another passenger 
on the plane, French first lady 
Cécilia Sarkozy. France has 
not had a prominent role in 
the negotiations, and her last- 
minute intervention is widely 
considered to be a thinly veiled 
bid by her husband to steal the 
limelight that may, in fact, have 
weakened the EU’s negotiating 
position in the talks. 

“The efforts to mobilize 
Western governments to act by 


Their release is the final scene 
in meticulously crafted negotiations between the 
European Union (EU) and Libya, which sought 
a way for Libya to climb down on the case with- 
out being seen to concede to Western pressure. 
Diplomatic efforts intensified as a result of inter- 
national public and political outcry after the six 
medical workers were sentenced to death in a 
retrial on 19 December 2006. 

Then, on 17 July, Libya's highest judicial body 
commuted their sentences to life imprisonment, 
over-ruling the death-penalty verdict upheld 
a few days earlier by the Supreme Court (see 
Nature 448, 230-231; 2007). 

That move came after families of the children 
each received US$1 million per child in ‘com- 
pensation from an international fund set up by 
the EU, Bulgaria and Libya. Nature understands 


that most of money is in fact likely to have been 
paid by Libya itself, and that the move allowed 
Libya to save face. The EU also agreed to provide 
humanitarian aid for long-term treatment of the 
infected children. 

Libya has long used the six medical workers as 
bargaining chips and political pawns in its inter- 
national relations. Right until the final hour of 
their release, Libya haggled to win further con- 
cessions to improve its political and trade ties 
with the EU. 

Benita Ferrero- Waldner, the European com- 
missioner for external relations, was also on the 
aircraft with the freed health workers. She, the 
EU and Britain, were the main players working 
patiently behind the scenes to secure the release. 
On the Libyan side, the key force in freeing the 


increasing international public 
opinion have paid off? says Emmanuel Altit, a 
lawyer from the medical workers’ international 
defence team. The concerted efforts of the sci- 
entific community around the case played a 
“fundamental role” in changing the trajectory 
of the case and helping to secure today’s out- 
come, he adds. 

“It’s great news,” says Vittorio Colizzi, an 
AIDS researcher at Tor Vergata University in 
Rome, Italy, who campaigned for scientific evi- 
dence exonerating the medical workers to be 
considered by the Libyan courts. “But we must 
not forget the children,’ he adds, pointing out 
that the 1998 outbreak was a double tragedy 
— for the six unjustly imprisoned, and for the 
infected children and families. a 
Declan Butler 


Stem-cell researcher's move attracts funding 


James Thomson has added a part- 
time position at the University of 
California, Santa Barbara, to his 
current position at the University 
of Wisconsin, Madison. The new 
post is raising eyebrows because 
of recent strains between his 
home institution and the California 
Institute for Regenerative Medicine 
(CIRM) in San Francisco. 
Thomson, a pioneering stem- 
cell researcher, expects to spend 
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around one month per year at his 
US$1-million lab in Santa Barbara. 
But even that limited presence 
helped the university secure a 
$2.3-million grant from the CIRM in 
June, noted blogger David Jensen 


on 15 July. And if some of the money 


granted to the university leads to 
breakthroughs it might also profit 
the state of California. 


According to CIRM spokesperson 


Dale Carlson, discoveries made 


with CIRM money at such non- 
profit institutions are owned by 
the institution. But the state of 
California can claim a share of 
revenue of more than $500,000 


generated on any resulting patents. 


The prospect of California 
earning money from a Thomson 
discovery is noteworthy because 
researchers and watchdog groups 
have spearheaded a move to revoke 
patents for Thomson's work, owned 
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by the Wisconsin Alumni Research 
Foundation in Madison, on key 


human embryonic stem-cell research 


(see Nature 447, 16-17; 2007). 

He is not the only researcher 
to take a job in California that 
could bring in CIRM funding 
— his colleague at Wisconsin, Clive 
Svendsen, has arranged a part-time 
consultancy at Stanford University 


in Palo Alto. | 


Erika Check 


D. DILKOFF/AFP/GETTY 
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US worker charged with 
stealing nuclear secrets 


A labourer at a nuclear site in Tennessee 
has been charged with attempting to sell 
uranium-enrichment technology to France. 
On 19 July, a federal grand jury indicted 
Roy Lynn Oakley for illegally possessing 
and attempting to transfer sensitive 
nuclear technology. Oakley was working 
to disassemble part of the K-25 gaseous- 
diffusion plant near the Oak Ridge National 
Laboratory that was used to enrich uranium 
for the nation’s first nuclear weapons. 
Oakley allegedly tried to sell sections of 
the plant’s diffusion barriers to the French 
embassy in Washington DC. The embassy 
refused his offer; France has had gaseous- 
diffusion technology since the early 1950s. 
This is the second recent security breach 
at a US weapons complex. Last autumn, 
classified documents from Los Alamos 
National Laboratory in New Mexico turned 
up in the trailer of a local drug dealer. 
Oakley has pleaded not guilty. 


Abbott drops suit against 
AIDS activist group 


The drug company Abbott Laboratories 
back-pedalled in its battle against AIDS 
activists this week, agreeing to drop its 
lawsuit against the group Act Up-Paris. 

Illinois-based Abbott has been increasingly 
criticized for its decision not to apply to sell 
new drugs in Thailand after the country 
began to issue ‘compulsory licences’ for key 
drugs. These would allow generic versions 
to be manufactured without the consent 
of the patent-holder (see Nature 448, 14; 
2007). Abbott makes several AIDS drugs, 
including a heat-stable combination pill 
called Aluvia. 

In April, Act Up-Paris organized an 
Internet protest that temporarily shut down 
Abbott’s website. In May, the drug firm 
started legal proceedings against the group. 

But on 22 July in Sydney, the International 
AIDS Society brokered a meeting between 
the two. Abbott has not changed its mind 
about applying to market drugs in Thailand. 


Protesters demonstrate against Abbott's decision 
not to market new AIDS drugs in Thailand. 


Cosmology prizewinner sails off to ve in virtual life 


Last week, the day after 
astrophysicist Robert Knop 
decided to quit academia, he 
and 52 other scientists won 
the 2007 Gruber Cosmology 
Prize for discovering that 

the Universe's expansion is 
accelerating. “It gave me pause, 
but not much,” says Knop. He 
is moving on to write code for 
Second Life, the alternative- 
reality computer program 
(right) run by the Linden Lab in 
San Francisco, California. 


LINDEN RESEARCH, INC., 2007 
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In 1998, Knop was part of a team led by Saul Perlmutter of the University of California, Berkeley, 
that measured distant supernovae to gauge the Universe's growth. Researchers led by Brian 
Schmidt at the Australian National University in Canberra did the same. Knop later took a faculty 
position at Vanderbilt University in Nashville, Tennessee, but says he has been unable to get 


funding and thinks he wouldn't make tenure. 


Perlmutter and Schmidt will each receive US$125,000, with the rest of the $500,000 prize being 
split between the co-authors of the seminal papers. “I'll take whatever they give me,” says Knop. 


German stem-cell law should 
change, says ethics council 


Germany’s advisory committee on medical 
ethics has recommended easing restrictions 
on human embryonic stem-cell research. 

Current law, which has prompted bitter 
complaints from the research community, 
bars German scientists from working 
on stem-cell lines created after 2001. On 
16 July, 14 of the National Ethics Council’s 
24 members approved a proposal to end 
the ban and establish mechanisms to 
approve research plans individually. The 
country’s main funding agency, the DFG, 
made a similar recommendation last 
November, reversing its previous stance 
(see Nature 444, 253; 2006). More politicians 
are also coming out in favour of lifting the 
ban or shifting the cut-off date for cell lines 
to 2007. 

Parliament is expected to consider 
revisions to the stem-cell law this autumn. 
Council member Horst Dreier thinks the 
federal research minister, Annette Schavan, 
will oppose ending the ban but may reset the 
cut-off date. 


US publishing rate slows 
as Asia's rate grows 


American institutions are publishing fewer 
research papers, and more papers are 
coming from Asia and Europe, a new US 
government study finds. 

Overall, US scientists are authors of more 
articles than researchers in other countries. 
But production started to plateau in the 
late 1990s, according to a National Science 
Foundation survey that analysed scholarly 
output between 1988 and 2003 using article 
database citations. 
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China, Singapore, South Korea and 
Taiwan made the biggest gains, publishing 
an average of 15.9% more articles per year 
between 1992 and 2003. Japan and the 
European Union upped their production 
by 3.1% and 2.8% per year, respectively, 
whereas US publications increased by 
just 0.6%. 

American scientists are teaming up more 
often, the study adds, with more authors on 
each manuscript and more international 
collaborations. 


Italy's research council 


boss departs at last 


After along and public struggle, the Italian 
government has finally ousted the unpopular 
president of the CNR, Italy’s National 
Research Council, which runs some 

100 institutes. On 20 July, Fabio Pistella, 
appointed by the previous right-wing 
government and criticized for his 
performance (see Nature 440, 264-265; 
2006), was transferred to a non-scientific 
government agency. 

The current centre-left government has 
changed the selection procedure for the 
heads of research agencies to avoid future 
political patronage. Under the new system, 
a short list of top scientists is proposed by an 
expert search committee, and the research 
minister must select from the list. 

Pistella’s removal follows several 
other high-profile departures, including 
those of Sergio Vetrella from the Italian 
Space Agency in October 2006 and Piero 
Benvenuti from the Italian National 
Institute for Astrophysics in April. 

A temporary CNR commissioner is 
expected to be named by the end of 
this week. 
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The pain game 


The safety problems that brought down Vioxx have tainted 
a whole class of drugs. Meredith Wadman examines their 


chances of a comeback. 


advisory panel to the US Food and Drug 

Administration (FDA) trounced Merck’s 
Arcoxia (etoricoxib) in a 20-1 vote. The pain- 
killer was, after all, a ‘COX2 inhibitor’ — a rela- 
tive of Vioxx (rofecoxib), the Merck pill that 
was pulled from global markets in 2004 for 
increasing the risk of heart attacks and strokes. 
To pass muster with the FDA, the regulator 
said ahead of the vote, Arcoxia would have to 
be more effective than established painkillers 
in some patients, as well as safe. 

That bar proved too high. Despite a trial’ of 
nearly 35,000 patients showing that Arcoxia’s 
heart risks were no worse than those of the tradi- 
tional painkiller diclofenac, the agency took the 
panel's advice and refused to approve the drug. 

“The challenges for a new drug in this class 
are unparalleled,’ says Seamus Fernandez, a 
drug-industry analyst with investment bank 
Leerink Swann in Boston, Massachusetts. “It’s 
really not worth it for the FDA to approve a 
drug in this category if it isn’t superior.” So for 
most drug companies, he says, the calculation 
is clear: “The amount of money you have to 
spend, versus the magnitude of sales you could 


- ew were surprised this spring when an 


capture, really wouldnt warrant “The ch allenges for a 
new drug in this class 
are unparalleled.” 

— Seamus Fernandez 


starting clinical trials with a new 
COX2 inhibitor’ 

Because the United States is 
by far the most lucrative mar- 
ket, FDA reticence has become a 
major disincentive to companies even consider- 
ing pressing forward with this new generation 
of medicines. 


Tummy trouble 
Yet only a few years ago, COX2 inhibitors 
were lauded as much-needed alternatives to 
conventional painkillers, called non-steroidal 
anti-inflammatory drugs, or NSAIDS, such as 
ibuprofen. These are some of the most-used 
drugs, but they can upset the stomach, mak- 
ing it tough for people to take them for chronic 
ailments such as arthritis. And in a small but 
significant proportion of patients they can cause 
severe, and even fatal, gastrointestinal damage. 
There's a reason for these effects: NSAIDs 
work by blocking the actions of two enzymes, 
known as cyclooxygenase-1 (COX1) and 
cyclooxygenase-2 (COX2), both of which 
catalyse the production of chemical messen- 
gers called prostaglandins, which have many 
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important functions in the body. COX] protects 
the stomach and intestines by stimulating pro- 
duction of mucus. Block its action, and ulcera- 
tion and gastrointestinal bleeding can occur. 

By contrast, COX2 is activated only in 
response to injury, when it causes a prostaglan- 
din called PGE, to be pumped out, increasing 
pain sensitivity. The importance of COX2’s dis- 
covery’ in 1991 by Daniel Simmons of Brigham 
Young University in Provo, Utah, and his col- 
leagues was not lost on drugmakers. They 
quickly set about developing selective COX2 
inhibitors in the hope of producing an effective 
painkiller that wouldn't cause gastrointestinal 
harm. And the new drugs did indeed prove 
gentler on the stomach in clinical trials. In 
1999, Merck’s Vioxx and Pfizer’s Celebrex 
(celecoxib) were launched and rapidly became 
blockbusters; by 2002, when Pfizer’s Bextra 
(valdecoxib) joined them on the US market, 
the three generated a combined revenue there 
of US$4.9 billion. 

But it was the very selectivity of the COX2 
inhibitors that proved to be their undoing. For 
COX2 also catalyses production of the hor- 
mone prostacyclin (PGI,), which protects the 
heart by discouraging blood 
clotting and relaxing blood 
vessels. Suppression of this 
hormone is thought to be the 
cause of the heart attacks and 
strokes. Shortly after these 
risks emerged, Vioxx was withdrawn from 
global markets. Pfizer withdrew Bextra six 
months later, leaving Celebrex the only original 
COX2 inhibitor to remain standing. 

Celebrex doesn't seem to be as risky to the 
heart as Vioxx and Bextra — possibly because 
it is an order-of-magnitude less selective for 
COX2 than its cousins — so the FDA has 
allowed it to be marketed, with clear warnings 
of its cardiac risks. And Celebrex is undoubt- 
edly benefiting from the withdrawals of Vioxx 
and Bextra. It had $2 billion in global sales in 
2006 — an 18% increase over 2005 — with 
$1.7 billion of that in the United States, accord- 
ing to the drug-information firm IMS Health in 
Norwalk, Connecticut. Arcoxia, despite the US 
rebuff, is still being sold in 63 countries. But in 
2006 it earned Merck just $265 million, 1% of 
the company’s global sales. 

Because Pfizer has so much at stake, it is 
spending more than $100 million on clinical tri- 
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The COX2 enzyme (red) is activated after injury. 


als to test the cardiovascular effects of Celebrex 
against two common NSAIDS in 20,000 people 
with pre-existing heart risks. “The COX2 class 
is under a cloud and whether that cloud lifts or 
not will depend on the results of this study,’ says 
Steven Nissen, a cardiologist at the Cleveland 
Clinic, Ohio, who is leading the trial. 


Tough markets 

But even if the trial produces stellar results for 
Celebrex, the pay-off will be limited: it loses 
patent protection in 2016, and the trial’s results 
are due in 2010 at the earliest. “If you were a 
company with a new COX2 inhibitor, even if 
you had a pretty good drug, could you market it 
in the face of generic Celebrex?” Nissen asks. 

That could be a problem faced by Prexige 
(lumiracoxib), a COX2 inhibitor from Novartis 
that is now under FDA review, with a decision 
expected this year. Since its 2005 launch in 
Brazil, Prexige has been approved in more than 
50 countries, including the United Kingdom. 
Last month, the company trumpeted the results 
of a trial of 741 people, which showed that the 
drug is significantly kinder to blood pressure 
than ibuprofen. Whether that will be enough to 
convince the FDA remains to be seen. Prexige 
can elevate liver enzymes, a sign of potential 
liver toxicity. 

Supporters of COX2 inhibitors maintain 
that deeper study could revive their potential. 
“Tt just seems a pity to walk away from them 
without trying to segregate benefit from risk 


in a way much more sensitive than large-scale 
phase III trials, which are very crude approaches 
to that question,” says Garret FitzGerald, direc- 
tor of the Institute for Translational Medicine 
and Therapeutics at the University of Penn- 
sylvania in Philadelphia, whose mechanistic 
studies** in humans and mice first pointed to 
the cardiovascular risks of COX2 inhibitors. 
FitzGerald wants to see more studies of these 
drugs in humans, to discover whether genetic 
and other differences can establish which 
patients can use them without heart risks. 

Others are moving beyond COX2, down- 
stream in the biochemical pathway that leads 
to PGE,, to an enzyme called microsomal PGE, 
synthase. Blocking that enzyme, they think, 
could relieve pain by damping down PGE, 
— without causing stomach problems or sup- 
pressing heart-protecting PGI.,. 

“This is based on a much more selective 
mechanism of action” than COX2 inhibitors, 
says Charlotte Edenius, chief scientific officer 
at Biolipox, a small Swedish company founded 
by scientists from the Karolinska Institute in 
Stockholm. The company, which signed a major 
development deal with Boehringer Ingelheim 
in 2005, is working “intensely” on its project, 
she says. a 
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IN BRIEF 


SMOOTH TRANSITION Roche says that Severin Schwan, a 40-year-old Austrian 
lawyer who currently runs its diagnostics division, will succeed Franz Humer as chief 
executive next March. Humer will stay on as chairman of the Swiss drug company, 
which has enjoyed an unparalleled run of success since he arrived from GlaxoSmithKline 
to take over as chief executive 12 years ago. Although some recent changes of senior 
personnel in the pharmaceuticals industry have been forced, Roche is making this one 
ona high: it just announced sales up 15% to SFr 23 billion (US$ 19 billion), and profits up 
29%, to SFr 5.9 billion, for the first half of this year. 


PREPARING FOR TAKE-OFF NASA awarded Rocketdyne — a Californian subsidiary of 
aeroengine maker Pratt & Whitney — a US$1.2-billion contract to supply the upper-stage 
engine of the space shuttle's replacement. The company's engine, known as the J-2X, 

will propel a crew of six through the final stage of the rocket's assent. It runs on liquid 
hydrogen and oxygen and bears a strong resemblance to the Apollo-era engines that took 
the first astronauts to the Moon. The contract covers design, development and testing. A 
separate contract for future engines will be awarded after the first test flight in 2012. 


NORTHERN DRIVE A £12-million (US$25-million) National Industrial Biotechnology 
Facility opened in the north of England, with the intention of making it easier for 
companies there to manufacture enzymes for use in industrial processes. The facility 
officially opened on 16 July at the Centre for Process Innovation at Wilton, Teeside —a 
traditional centre of the British chemical industry. It is supported by local development 
agencies, who hope that it will boost biotechnology innovation in the surrounding area, 
and will operate in partnership with the Manchester-based Centre of Excellence in 
Biocatalysis, Biotransformations and Biocatalytic Manufacturing. 


MARKET WATCH 


EUROPEAN CARBON INDEX 


EU emissions allowance (€) 


18 


May June 


The price of carbon allowances for the 
second phase of the European Union's 
emissions trading scheme, which runs 
from 2008 to 2012, has fallen to less 
than €20 from a late-May peak of €25. 

Under the scheme, emissions trading 
credits are bought and sold — mainly 
by energy utilities — at five carbon 
exchanges, including the European 
Energy Exchange (EEX) in Leipzig, 
Germany. Analysts around the world 
are watching the market closely to see 
whether it will provide a stable and 
effective model for global trading in 
carbon emissions. 

They attribute the latest price drop (see 
graph) to anew technical development. 
Some businesses are swapping 
so-called Certified Emission Reductions 
(CER), generated by approved clean 
development projects in poor nations, for 
European trading allowances, leading to 


July 


asurplus of the latter on the market. 

CERs certify a specific amount of 
avoided emissions rather than granting 
permissions to emit extra carbon dioxide. 
Until recently, businesses were wary of 
them, because of doubts over whether 
the projects would deliver emission 
reductions that could be verified. But 
Stefan Kleeberg, a carbon asset manager 
with the 3C Group near Frankfurt, 
Germany, says that confidence is 
growing in the projects that are actually 
approved by the European Commission 
under the CER scheme. 

Trading regular allowances for CERs, 
which are still 10-20% cheaper, has thus 
allowed some businesses to profit from 
emissions trading. However, the market 
is not yet very transparent, Kleeberg 
says, with only a handful of companies 
and brokers aware of its possibilities. ™ 
Quirin Schiermeier 
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A project that gives Congolese pygmies new ways to tell logging companies about the trees that 
are important to them, and their own radio station to discuss community issues, is really putting 
their interests on the map, says Michael Hopkin. 


n June in the rainforests of the northwest 

of the Republic of Congo, the trees rain 

caterpillars. For the Mbendjele pygmies 

who live there, it’s boom time. For a few 
weeks each year, children climb the 45-metre- 
tall sapelli trees and shake the branches, send- 
ing hundreds of newly hatched caterpillars 
down to the waiting women, who dry and 
cook the creatures to eat or sell. 

But someone else has their eye on the ‘cater- 
pillar trees’ of the Congo. Their wood is one of 
the most valuable of the African mahoganies 
— a fact that has not escaped the attention of 
commercial loggers. One tree might yield five 
sacks of caterpillars per year, potentially fetch- 
ing US$500 at the local market, but the timber 
from the same tree could bring in more than 
$1,500 of profit to a logging company. 

Now, though, the Mbendjele have a new way 
to help keep the trees standing. Scientists, con- 
servationists and technicians have put together 
an innovative set of technologies to allow the 
forest people to mark trees that are important to 
them, saving them from the logger’s axe. 

Logging is a given in these regions. A log- 
ging company called Congolaise Industrielle 
des Bois (CIB) — a subsidiary of the Danish 
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timber multinational DLH Group — holds log- 
ging rights to nearly 10% of the Congo. And 
although the government has been fastidious in 
setting aside reserves such as the 4,000-square- 
kilometre Nouabalé Ndoki National Park (see 
map) to preserve wildlife, it has not allocated 
any land to indigenous semi-nomadic people. 
The Mbendjele are one of these 
groups, which together consti- 
tute about 3,000 people living 
in the CIB concession. 
Activists worry about the 
collision between local peo- 
ple and logging companies. 
In a report released after a 
2004 fact-finding trip to the 
country, a band of non-gov- 
ernmental organizations led 
by the environmental-activist 
group Greenpeace strongly criticized the CIB’s 
activities in the area, saying that there were “no 
mechanisms by which the indigenous commu- 
nity as a whole is kept informed about logging 
plans, or by which they can have an input”. 
But appealing to loggers’ pockets may help 
resolve these issues, some say. Consumers in the 
developed world are increasingly demanding 
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that their wood or furniture comes with a 
stamp of approval from the Forest Stewardship 
Council (FSC), an organization based in Wash- 
ington DC that aims to ensure that the world’s 
timber is harvested in a sustainable, environ- 
mentally friendly and socially responsible way. 
Not engaging with local people means no FSC 
certification and, potentially, 
fewer buyers. 

Greenpeace’s report found 
that engagement with the local 
people was one of the main 
areas in which CIB was want- 
ing. For its part, the company 
said it had wanted to work on 
the issue, but didn’t know how 
to go about doing it. “We had 
no ideas on the issue of tradi- 
tional people,” says Lucas van 

der Walt, who oversees the company’s envi- 
ronmental management practices. “We looked 
elsewhere but found no examples of commu- 
nity projects that we thought would work” 

So in 2004, CIB turned to the Tropical For- 
est Trust, an organization based in Crassier, 
Switzerland, that helps logging companies win 
FSC certification by fostering more responsible 


practices. The result, now coming to fruition, 
blends simplicity with technology to help CIB 
achieve its aims and at the same time give the 
Mbendjele a chance to protect their way of life. 

The task has not been easy. Pygmies in the 
Congo have long been disenfranchised from 
the rest of the population, says Scott Poynton, 
executive director for the forest trust. Log- 
gers typically pass them over for employment, 
and even having national parks in the region 
doesn't always help. “There were incidents 
where ecoguards with Kalashnikovs beat up 
pygmies,” says Poynton. “Politically, the pyg- 
mies are really not a powerful people” 


Inside knowledge 

Somehow, the pygmies had to find a way 
to let the loggers know the locations of for- 
est sites that are important to them, such as 
hunting and foraging grounds, water sources, 
burial places and sacred sites. The idea is not 
new; mapping of valuable sites with global- 
positioning systems (GPS) has been tried 
before with Amazonian tribes and elsewhere 
in the Congo river basin, such as in Cameroon. 
But these efforts have been hampered by the 
lack of literacy, both traditional and techno- 
logical, among the indigenous people. 

“Before, it was a question of going around 
with a notebook and an old-fashioned GPS 
unit, numbering the important areas and then 
marking them on a map,’ says Marcus Col- 
chester of the Forest Peoples Programme, an 
advocacy group based in the United Kingdom. 
“Tt was pretty laborious.” 

Now, the forest trust has a different approach. 
With a $150,000 grant from the World Bank, 
they enlisted the help of Jerome Lewis, an 
anthropologist at the London School of Eco- 
nomics, UK, who has lived on-and-off with the 
Mbendjele for more than a decade. He knew 
how to go about getting the information the 
logging company needed. 

“I sat down and spoke with Mbendjele 
friends who were really pissed off when log- 
gers drove bulldozers over cemeteries and 
water sources,’ Lewis says. To the loggers, 
many of the sites look the same as any other 
part of the forest; their significance is known 
only to the pygmies, who don't want to share 
the sites with outsiders. “The only successful 
engagement of local people happens when 
they start doing the monitoring themselves,” 
explains Lewis. 

How to do that is the tricky part. So Lewis 
designed a set of electronic icons to help the 
Mbendjele record the locations of impor- 
tant sites using a portable, palm-pilot-style 
device. The simple pictorial menu allows the 
pygmies to identify different types of sites 
as they wander through the forest; the sites 
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Roll up: to gain certification, logging firms must 
take more interest in the needs of local people. 


are then automatically plotted onto a compu- 
terized map with GPS. The Mbendjele choose 
from four categories to classify their important 
sites: hunting, gathering, social/religion and 
farming. From there, each category branches 
off into more specific details. 

For instance, to signify the importance of a 
sapelli tree, one would select ‘gathering’ and 
then caterpillars’ from the next list of choices. 
Similarly, the system can log areas where yams 
grow, where herbal medicines are found, and 
where the Mbendjele camp while travelling 
through the forest. 

The results can easily be plotted on a piece of 
mapping software such as Google Earth. And 
the pygmies know the terrain so intimately 
that they have no problems visualizing it as 
depicted from a birds-eye view on a map. “Peo- 
ple are very quick to understand it? Lewis says. 
Other groups of pygmies, in regions such as 
Cameroon, were also quick to adopt the tech- 
nology, he says. “The younger ones play it like 
a video game,’ adds Poynton. 

Mapping began on a trial basis in June 2006, 
and CIB says that it has since mapped all of the 
area it was planning to survey for this year’s 
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logging activities — in about one-third of the 
time it would previously have taken with tra- 
ditional mapping. 

Of course, there are trade-offs from the log- 
ging company’s point of view. CIB has only 
ever logged the forest selectively — it takes only 
about 1.5 trees per hectare, which is why its 
concessions are so large — and it has no plans 
to change that. But they have pledged not to cut 
down trees deemed by the Mbendjele to be of 
value. “They have been able to respect the trees 
that people want without harming their profit 
margins,’ says Lewis. 


Radio pygmy 

Meanwhile, the Mbendjele are getting another 
technical toy: a community radio station that, 
although still in its preliminary stages, should 
turn locals into roving reporters, and provide 
information about CIB’ plans for logging. Per- 
haps inevitably nicknamed ‘Pygmy FM’ at its 
inception, the station has now formally been 
named ‘Bisso na Bisso, which means ‘between 
us’ in the Lingala language. Only a few pilot 
programmes have been made, but the plan 
is to eventually broadcast six to eight hours a 
day of music and public-service broadcasts, 
about both logging and wider issues such as 
AIDS awareness. The pygmies currently get 
their information about when and where log- 
ging is to occur from representatives, called 
‘animateurs, that CIB sends into the villages 
— but they usually talk only to men; women 
and children are kept in the dark. 

The station already has its headquarters 
in the logging town of Pokola, but a planned 
series of satellite bases and broadcasting towers 
have not yet materialized. Government broad- 
casting licences have yet to be finalized, and it 
must all be done on an annual budget of less 
than $90,000, says Lewis. Funding so far has 
come from the World Bank grant, and CIB has 
promised to match the funding. 

In May 2006, the project plus other engage- 
ment with the indigenous peoples earned CIB 
its FSC certification, at least for one of the 
five areas of its concession. But its plans to 
open a sawmill in Loundoungou, one of the 
remotest parts of its concession, has been 
condemned by Greenpeace as “unaccept- 
able”; activists say that the mill will raise the 
number of transient workers in the area and 
exacerbate the problem of bushmeat hunt- 
ing. But the Mbendjele are finally getting the 
chance, over the airwaves and by satellite, to 
let the loggers know what they think about 
the impact on their own lives. a 
Michael Hopkin is a reporter for Nature. 

For more on the project and to hear some of 
Bisso na Bisso's pilot show, go to www.nature. 
com/podcast. 
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Part of The Simpsons’ greatness is a willingness to find the humour in absolutely everything — 
including science. Executive producer Al Jean, the show's head writer and a Harvard mathematics 
graduate, talks to Nature about how to get a laugh out of Euler's formula. 


The Simpsons Movie comes out this 
week — is there much science in it? 
The crisis that precipitates the plot is environ- 
mental — Lisa's trying to warn the town about 
it and she gives a lecture entitled ‘An Irritating 
Truth. She's often the voice for the writers, even 
though she’s eight years old a lot of us identify 
with her. But she’s also depicted as socially 
unpopular, and is not always listened to. 


As writers do you set out to satirize 
public attitudes to science? 

Our general agenda is to show both sides of 
an issue and to let the viewer make up his or 
her own mind. In my lifetime I’ve seen science 
viewed as the saviour for everything, but now 
it’s almost come full circle, because nothing 
can completely solve everyone's problems, 
and the disappointment when that happens is 
extreme. So now people are casting scientists 
as villains and not listening to them, which I 
think is tragic. 

But we make fun of everything, so if a scien- 
tist appears on the show we make fun of them 
too. Generally our depiction of scientists is 
that they're insular and have bad social lives, 
and say things in an obscure fashion that isn’t 
always comprehensible to the layman. From 
my limited experience in the scientific world I 
wouldnt say it’s completely off the mark. 
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One episode in which the show does take 
sides is the one in which Lisa protests 
against creationism in her school. 
What we say is that there are conservatives, like 
Pope John Paul II, who believe in the theory of 
evolution, and that it’s far from a liberal theory: 
it’s scientific, it’s as close to a fact as can be. We 
did say that Flanders, who opposed the teach- 
ing of evolution, is sincere in 
his beliefs. We tried to take 
his emotions seriously. 
What's really funny is 
that they had a debate here 
between the Republican can- 
didates [for the presidential 
nomination], and the mod- 
erator said “so, which of you 
believe in evolution?” And 
you could see a couple sort 


Stephen Hawking has featured as a 
guest character on The Simpsons. 


reflects the attitude of the public to science 
is when he appeared in front of the people of 
Springfield and told them what they should do, 
and Homer said, “Yeah, Larry Flynt is right!” 


Do you have a dream scientific guest 
who you'd love to have on the show? 
Living or dead, it would be Isaac Newton. But 
living would be a tough ques- 
tion. Fifty years ago, Albert 
Einstein was the epitome of 
a scientist as far as the pub- 
lic were concerned, and was 
regarded as a hero. But there 
isn't anybody comparable 
today. I think it shows how 
science has been made by 
some to appear in a more 
ambiguous light. 


of raising their hands and 

then changing their minds, and I’m going “how 
can you not be sure whether you think that’s 
true or not? It’s not a matter of opinion” 


You've had several famous scientists, 
including Stephen Hawking and Stephen 
Jay Gould, as guest stars on the show. 
People seem thrilled that we've had Stephen 
Hawking on the show, and no one could be 
more thrilled than I. Although one joke that 
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The Simpsons also boasts staggeringly 
obscure mathematical references. 

One that always makes me laugh is in a recent 
episode in which Homer and Marge are at a 
baseball game where the public has to guess the 
attendance, and each of the options is a differ- 
ent mathematical irregularity — one’s a perfect 
number, one’s a sum of four squares. They're 
all in the thousands and they’re numbers that 
nobody except a mathematician would, at face 
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value, recognize as anything unusual, but if 
youre really sharp you'll pick it up. I love the 
fact that we can throw that sort of thing in. 

My favourite mathematical reference on the 
show was when we did an episode where Apu 
was a witness in a courtroom and the lawyer 
asked if he had a good memory. He said, yes 
I do, ’'ve memorized pi to one million deci- 
mal places, and Homer said “mmm... pi” and 
started drooling. We did call Caltech [the Cali- 
fornia Institute of Technology in Pasadena] to 
check that whatever we said the millionth deci- 
mal place was was correct. 

My favourite mathematical equation is 
e” + 1 = 0, and we threw that into one episode 
even though not all of our audience would nec- 
essarily understand it. 


In one episode Professor Frink shocks a 
lecture theatre into silence by shouting 
“Pi is exactly three!” 

One thing I always thought was funny was 
that in the 1890s, I believe, the state of Indi- 
ana declared that the value of pi was 22/7. I 
mean, it’s just... the idea that you could change 
a mathematical concept to suit a legislative 
whim is nutty. 


So is there a formula for writing good 
jokes? 

I look at comedy writing mathematically, it’s 
sort of like a proof in which youre trying to 
find the ideal punchline for a setup, and when 
you get it it’s a very elegant feeling. It’s a little 
like the feeling I used to get on completing a 
proof when I was doing maths at college. 


Several Simpsons writers have 
backgrounds in maths and science. 

Are you a bunch of geeks at heart? 
When were alone we talk about maths [chuck- 
les], but weve learned that there’s a wider 
world, so we don't always expose others to it, 
and we do it in a subtle way. 


Do you ever regret not pursuing your 
mathematical studies? 

I wouldn't have been among the top people in 
my field; there were guys I knew in maths who 
were just the best. I don’t know if I would ever 
have achieved what they did, so I'm very happy 
doing what I’m doing. 


And what does Nature have to do to get 
a mention on The Simpsons? 

We should mention Nature! There’s still time, 
were only 400 episodes young... 

Interview by Michael Hopkin. 

Al Jean can be heard on this week's Nature 
Podcast, along with Homer, Lisa, Principal Skinner 
and Stephen Hawking. 


NEWS FEATURE 


WN aS RKQUUISIE Wave (OBEY 
THE LAWS OF THERMODYNAMICS" 


The Top Ten 
science moments 
in The Simpsons, as 
chosen by Nature’s 
editorial staff 


“Bart's comet": After 
sabotaging a weather 
balloon, Bart accidentally 
discovers a comet about to 
hit Springfield. Deep impact 
miraculously avoided, 
bartender Moe comes up 
with a new form of planetary 
defence: “Let's go burn down 
the observatory so this will 
never happen again.” 


Inherit my shorts: In the 
episode “The Monkey Suit,” 
the Simpsons’ pious next 
door neighbour Ned Flanders 
is flabbergasted that the 
science museum's exhibit 
onthe origins of man both 
highlights evolution and 
makes light of creationism 
—and, totop it all, has a 
unisex bathroom. 


Mmmmm GMOs: Homer's 
attempts to be a farmer 

in “E-l-E-l-(Annoyed 
Grunt)" involve using 
plutonium as a fertilizer. 
DNA from tobacco seeds 
and tomato seeds blend 

to produce a fruit that 


a: < 


7 = > Ye s 
Professor Frink divides the circumference by the diameter. 


tastes like ashtray, but is 
nonetheless “refreshingly 
addictive”. 


Thank you, Andrew Wiles: 
In a Halloween episode two- 
dimensional Homer travels 
to the third dimension, 
which looks a lot like “that 
movie Tron”, but with more 
equations. Writer David X. 
Cohen was responsible for 
the funniest and geekiest: 
1782" + 1841? = 1922", 

an incorrect disproof of 
Fermat's last theorem 
produced by a computer 
program Cohen wrote for 
the purpose. 


“Bye bye nerdie”: Lisa 
isolates the element in nerd 
sweat that makes them 
irresistible targets for bullies. 
She presents her data at a 
conference with luminaries 
including former surgeon 
general C. Everett Koop, a 
scene in which we find the 
true purpose of a science 
pole. 


Better living through 
chemistry: “Thank goodness 
| still live in a world of 
telephones, car batteries, 
handguns and many things 
made of zinc,” says Jimmy, a 
character in an educational 
film. When confronted with 
a world without zinc he 
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attempts suicide but fails, 
as his zinc-free gun cannot 
work. 


Piltdown angel: In “Lisa the 
Skeptic” an almost complete 
human skeleton with angel's 
wings pits science — Lisa and 
guest star Stephen Jay Gould 
— against faith, as defended 
by Ned Flanders: “Science 

is like a blabbermouth who 
ruins a movie by telling 

you how it ends. Well | say 
that there are some things 
we don't want to know. 
Important things!” 


Trips to Stockholm: |n 
another Halloween episode, 
chemistry Nobel prizewinner 
Dudley Herschbach appears 
on the show to present 
Professor Frink with a Nobel 
prize of his own. Herschbach 
won the prize for crossed- 
molecular-beam techniques 
with which to study in detail 
the dynamics of chemical 
reactions. Frink is rewarded 
for reanimating his dead 
father. 


Forensics files: DNA 
evidence in “Who Shot Mr. 
Burns” correctly identifies the 
assailant as a member of the 
Simpson family (Maggie, the 
baby, as it turned out). There 
were alternative endings, 

but to accept them would 
have meant ignoring “the 
Simpson DNA evidence”. 
“And that,” a narrator informs 
the audience with a nervous 
laugh “would be downright 
nutty”. 


Perpetually funny: In “The 
PTA Disbands”, Lisa gets so 
bored by a lack of schooling 
she builds a perpetual 
motion machine. Homer is 
not pleased: “Lisa, in this 
house we OBEY the laws of 
thermodynamics.” 


Brendan Maher 
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MAP 
MAN 


Alan Krensky has been put 

in charge of a controversial 
new office responsible for 
charting the progress of the 
NIH Roadmap for Medical 
Research. Meredith Wadman 
catches up with him in his 
first few days on the job. 


urrying in to an interview on his sec- 
ond official day as the de facto road- 
map czar at the US National Institutes 
of Health (NIH), Alan Krensky is 
absently clutching a piece of paper; he’s proud 
to hand it over for inspection. On it, the 
physician-scientist has charted a year’s worth of 
trans-NIH ‘rounds’ — expert talks on cross- 
agency topics from network theory to pharma- 
cogenomics to health economics. He has 
scheduled 11 lectures. The first is in two days. 
Krensky, a respected paediatric immunolo- 
gist who spent the past 23 years at Stanford 
University, has been recruited to institutional- 
ize the Roadmap for Medical Research, a brain- 
child of NIH director Elias Zerhouni that was 
launched four years ago to decidedly mixed 
reviews. The map is intended to foster trans- 
NIH, large-scale and high-risk research. This 
year, it will spend $483 million, roughly 
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1.7% of the $29-billion NIH budget. 

But Krensky’s job — his official title is deputy 
director for the Office of Portfolio Analysis and 
Strategic Initiatives (OPASI) — doesn't stop at 
the map. Krensky will be assessing its effective- 
ness, trying to come up with ways, for instance, 
to evaluate whether the coveted Pioneer 
Awards for high-risk research are delivering 
the intended spoils. He will be scoping out new 
scientific opportunities and emerging public 
health risks, to recommend for future trans- 
NIH projects. And he and his staff will be com- 
pleting an exhaustive, unprecedented 
cataloguing of the NIH’s research portfolio 
aimed, in a tight budget era, at identifying both 
gaps and redundancies in all the science that 
the NIH funds. 

“The roadmap needed a home and someone 
to be responsible for it. But OPASI is much big- 
ger than that,’ says Krensky, whose broad grin 
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and tousled grey hair belie the earnest energy ¥ 
required of a man squeezing an interview 5 
between meetings with senior staff and direc- # 
tors of 27 institutes and centres. ? 

Zerhouni sees Krensky and the new office as 
lending the roadmap permanence and conti- 
nuity. “You need a permanent director,’ he says. 
“Somebody who will be there through NIH 
directors and ensure that things are done well, 
without any temptation of having this dictated 
from the top,” 

An outgoing Chicago native, Krensky grad- 
uated from the University of Pennsylvania 
Medical School, trained in Boston in nephrol- 
ogy and immunology and landed at Stanford 
in 1984, where, along with seeing patients, he 
shared a lab with his wife, Carol Clayberger, a 
Yale-educated cell biologist. 

During his last six years at Stanford, Krensky 
was tapped to lead a $526-million campaign to 


transform the Lucille Packard Children’s Hospi- 
tal. In 2001, Packard was a regional hospital 
struggling to chart a course after Stanford Uni- 
versity Medical Center's failed merger with the 
University of California, San Francisco. Krensky 
recruited 47 new faculty, oversaw the growth of 
the hospital's endowment from $20 million to 
$200 million and earned the hospital thirteenth 
place last year in US News and World Report's 
national ranking of children’s hospitals. 

What he acheived at the hospital, says Har- 
vey Cohen, until recently its chief of staff, “is 
nothing short of astounding.” Cohen, along 
with hospital chief executive Christopher 
Dawes and Stanford dean of research Ann 
Arvin, consider Krensky a perfect fit for the 
NIH job. At the hospital, he developed disease- 
based centres glued together by cross-cutting 
functions from imaging to informatics. In the 
process, they say, he proved himself an out- 
standing strategist with a vision broad enough 
to take in the massive complexity of the NIH 
and deep enough to understand how to tackle 
the thorny problems involved in incubating 
trans-institute research. 


Light leadership 

Krensky is quick to note that OPASI — a $3.3 
million, 15-person office intended to ramp up 
to 70 people in coming months — doesn't exer- 
cise executive power over individual institutes 
or roadmap spending. As in the past, roadmap 
projects will continue to run a gamut of review 
by senior NIH staff, with Krensky’s office one 
of many participants. He sees his role instead 
as coordinating, advising, greasing inter-insti- 
tute wheels and providing information. “A lot 
of my job is cajoling,” he laughs. 

Krensksy’s experience at Stanford went a 
long way with the hiring committee at the NIH. 
Top administrators there are scrambling to get 
into synch with a new NIH-governing law 
enacted in January that, among other things, 
enshrines the roadmap as an NIH fixture, 
backed by a ‘common fund’ that can comprise 
up to 5% of the NIH budget in any given year. 
“We were very impressed with his package of 
experience and knowledge and vision,’ says 
Raynard Kington, the agency's principal deputy 
director, who until this month was doing Kren- 
sky’s job in an acting capacity. “He understood 
that a big part of the responsibility of this office 
is to integrate sciences that cut across the 
agency. He got that in a very concrete way.’ 

And by the end of 2008, Krensky’s job will 
grow. In the recent law, Congress created a new 
NIH division — the Division of Program Coor- 
dination, Planning and Strategic Initiatives 
(DPCPSI) — that is similar to, but not the same 
as, Krensky’s current shop. A sort of OPASI- 
plus, DPCPSI (which Krensky will direct) will 


incorporate offices including OPASI, the Office 
of AIDS Research and the Office for Research 
on Women’s Health, with a combined annual 
budget of $150 million. Although the new law 
explicitly states that these offices will keep their 
current powers, it has caused some to complain 
about reporting to Krensky rather than directly 
to Zerhouni. 

Krensky will also oversee an exhaustively 
detailed accounting of the agency’s science 
spending that will for the first time allow mem- 
bers of the public — and Congress — at the click 
of a mouse to examine every NIH project being 
funded in a given disease area, with dollar 
amounts and other details attached. This ‘port- 
folio analysis’ tool, intended to go public in 
Febuary 2009, is using sophisticated computer 
software that will capture elusive disease con- 
nections not immediately obvious in research 
grants, along with a new, pan-NIH set of disease 
definitions laboriously crafted with input from 
hundreds of scientists. 

“The idea is to identify 
gaps in funding but also 
redundancies,” Krensky 
says. “It has the potential to 
find out that various people 
are funding similar things.” 
Such talk can be unsettling 
to institute heads. 

“People are worried that 
the historic independence 
of individual institutes’ lead- 
ership could be undermined 
by having this kind of cen- 
tral analytic and oversight 
capacity within the NIH 
director's office,’ says David 
Korn, the senior vice- 
president for biomedical 
and health sciences research 
at the Association of Amer- 
ican Medical Colleges. 

But Korn says that worry 
is misplaced. A former dean 
of medicine at Stanford who 
knew and admired Krensky 
when he was on the faculty there, Korn con- 
tends that Zerhouni “is on exactly the right 
track” in appointing Krensky to take a more 
sophisticated and rigorous approach to analys- 
ing the research portfolio of the massive agency. 
Inatime of fiscal duress on Capitol Hill, he says, 
the NIH needs just such numbers to assure the 
public its money is being spent as wisely and 
effectively as possible. 

Others, including scientists who have spent 
their lives in the trenches of investigator- 
initiated research, see Zerhouni, Krensky and 
the entire enterprise of the new office as well- 
meaning but misguided. “The function of a 


“The Roadmap for 
Medical Research needed 


ahome and someone to 
be responsible for it.” 
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federal agency that funds science is to respond 
to the innovative, novel and exciting ideas gen- 
erated by individual scientists,” says Gerald 
Weissmann, a longtime NIH grantee who is the 
director of the Biotechnology Study Center at 
the New York University School of Medicine. 
“Considering the enormous lassitude of large 
organizations, I tend to doubt that we will get 
more bang for the buck from big science.” 

Indeed, senior agency administrators have 
been perennially tempted to direct science, 
rather than letting it come to them, says Mur- 
ray Goldstein, a former director of the National 
Institute of Neurological Disorders and Stroke 
who spent 40 years at the NIH. There are many 
first-class grant applications from individual 
scientists that are not being funded, he says. 
“What's the priority?” 

Krensky is unapologetic. “Having the kinds 
of infrastructure that OPASI will develop 
doesn't take away from individual investigators 
— it buoys them,’ he says, “by giving them tools 
that modern science 
requires.” What’s more, he 
argues, “It’s only 1.7% of the 
budget. Investigator-initi- 
ated awards are still the 
mainstay.’ As if to remind 
himself of this, Krensky 
intends to keep his hand in 
at the bench, working in the 
lab his wife will be running 
at the National Cancer 
Institute. There, he’s hoping 
to find applications in 
tuberculosis for the cyto- 
lytic molecule granulysin. 

But for the moment, he 
has to dash to a meeting of 
institute directors. There, he 
and NIH chiefs will be 
deciding the fate of $60 mil- 
lion in unspent 2007 road- 
map funds. A top aim is to 
jumpstart the new epigenet- 
ics and microbiome initia- 
tives from the latest phase of 
the roadmap, which is rolling out this autumn. 

Mark Lively, a biochemist at Wake Forest 
University in Winston Salem, North Carolina, 
says he hopes Krensky’s priorities stay in the 
right place. Recalling a recent Krensky speech 
to the Federation of American Societies for 
Experimental Biology, he says he has a “good 
feeling” about Krensky: “He spoke to us all like 
a scientist and not yet like a government 
bureaucracy leader. I hope he can maintain his 
optimism and not find the government rules 
and regulations too stifling for his ideas” ™ 
Meredith Wadman writes for Nature from 
Washington DC. 
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CORRESPONDENCE 


Nobel laureates know what 
they're talking about 


SIR — Your Editorial “Nobels in dubious 
causes’ (Nature 447, 354; 2007) urges 
scientists and Nobel laureates to “campaign 
only where they can truly make a difference”. 
I think you mean that we should use our 
fleeting fame only in causes that we know 
something about. Or, as Pliny the Elder put it: 
“Shoemaker, stick to your last”. 

A few laureates may sign too many things. 
However, as a founder and board member of 
Scientists and Engineers for America, I use 
my Nobel prize to discuss something I know 
a good deal about. 

Our aim is to make available to society at 
large the evidence-based science relating to 
critical issues facing us all. There is a lot of 
shouting out there and it is hard for the 
layperson to find reality. Political affiliation 
does not matter to us. Both Republican and 
Democratic presidential candidates endorse 
corn-based ethanol as an energy source. 
Both are wrong; it is our job to call it mainly a 
farm subsidy and explain why it is that rather 
than what it is claimed to be. It is up to the 
public to decide how much to support it. 

We are also educating scientists on how to 
run for school boards. We hope many of 
them will win, and in this way improve the 
poor state of science education in our schools 
and keep it focused on the real world. 

We intend to inform the electorate of the 
science-based issues that their elected 
officials have to face, and of what actions 
these officials have taken. We also intend 
to summarize the science behind the issues, 
including what we know and what we don't 
know. We hope both to draw attention to 
under-appreciated science issues and 
provide the advocacy necessary to get 
things done — not along party-political 
lines, but scientifically. 

Burton Richter 
Stanford University, SLAC MS 80, 2575 Sand Hill 
Road, Menlo Park, California 94025, USA 


Nobel: politicians need the 
insights scientists can give 


SIR — Asa member of the board of directors 
for Scientists and Engineers for America 
(SEA) and president of the Federation of 
American Scientists, two organizations 
mentioned in your Editorial “Nobels in 
dubious causes’ (Nature 447, 354; 2007), 

I must take exception to your argument 

that scientists should not overstep their 
expertise. 

In matters of interior decoration youd be 
as likely to get good advice from a person 
pulled at random off the streets of Glasgow as 
from a gaggle of Nobel laureates. But eminent 
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scientists bring much-needed perspectives 
and insight to policy decisions that hinge 

on scientific facts and methods, and the 
uncertainties associated with them. Many 

of the most difficult political issues today — 
such as climate change, securing nuclear 
materials, setting priorities in health research 
and many others — are intimately tied to 
issues in science. 

Given the cacophony of biased and 
misleading information that dominates 
many of these debates, the kind of advice and 
leadership provided by scientists is essential. 

How could it be considered ‘dubious’ for 
scientists to defend and explain the process of 
scientific inquiry, when elected officials are 
making technical decisions based on the 
advice of novelists and religious extremists? 
SEA was organized to ensure that candidates’ 
positions on critical science-policy matters 
are easily available, clearly understood and 
openly debated. 

Your Editorial implies that this essential 
public service is inappropriate. On the 
contrary, it would be a terrible mistake if 
scientists with information critical to the 
debate retreat to ivory towers. Scientists 
have a responsibility to bring relevant facts 
to light, provide early warnings of problems 
that scientists are uniquely able to see and 
suggest solutions that might otherwise not 
enter the debate. 

Henry Kelly 

Scientists and Engineers for America, 
Federation of American Scientists, Suite 209, 
1717 K Street NW, Washington DC 20036, USA 


How anaturalist found safe 
colours for soldiers 


SIR — I enjoyed the Science in Culture article 
‘Hidden talent’ about the London exhibition 
exploring the art of camouflage and its 
military implications (Nature 447, 148; 
2007). It reminded me ofa little-known 
Englishman who made contributions to both 
zoology and military camouflage. 

Charles Hamilton Smith (1776-1859), a 
colonel in the British Army, was a naturalist 
who described several equine species and 
subspecies — now mostly synonymized 
with Equus — and wrote an important 
volume in William Jardine’s Naturalist’s 
Library series (The Natural History of Horses 
Lizars, Edinburgh, 1841). Charles Darwin 
cited this work in his Origin of Species, in 
connection with hybridism and equine 
striping patterns. 

Hamilton Smith is also known to military 
historians for his experiment conducted in 
1800 on the colour of soldiers’ field uniforms. 
The experiment involved soldiers firing at 
targets of different colours, including the 
conspicuous red of the British soldier’s field 
uniform. This colour was more than twice 
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as likely as grey to receive a bullet-hole. 
Hamilton Smith submitted a report 
concluding that “the question arises whether 
all riflemen and light infantry should not 
take the field in some grey unostentatious 
uniform, leaving the parade dress for peace 
and garrison duty” (published later in the 
Royal Engineers’ Aide Memoire to the 
Military Sciences, Weale, London, 1853). 
Although some sections of the army 
readily took up Hamilton Smith’s 
recommendations, cryptic coloration in 
British field uniforms was not fully adopted 
until the Boer War, at the end of the 
nineteenth century. Hamilton Smith was 
born in the year of the US declaration of 
independence; had someone conducted 
his experiment before that time — and 
had the British authorities been more 
willing to respond — history might have 
taken a rather different turn. 
James T. Costa 
Highlands Biological Station, 265 N. Sixth Street, 
Highlands, North Carolina 28741, USA and 
Department of Biology, Western Carolina University, 
Cullowhee, North Carolina 28723, USA 


Post-publication review 
could aid skills and quality 


SIR — Shi V. Liu’s correspondence, “Why are 
people reluctant to join in open review?’ 
(Nature 447, 1052; 2007), struck a chord. 
Recently, I stayed my hand before submitting 
acomment to an online article, because 

the comment included as-yet unpublished 
research that I was reluctant to reveal in 

sucha forum. 

I believe that there are two ways to 
encourage online commenting. These 
would require little additional commitment, 
but would improve journal quality and 
enhance the development of review skills 
among young scientists. 

First, journals could institute periodic 
post-publication review, in which the journal 
would solicit formal review of the article, 
focusing on how well its methods and results 
have held up, given the research that has been 
published in the intervening period. Such 
reviews would provide valuable historical 
perspective. Second, young scientists 
participating in journal clubs could be asked 
to derive and post a consensus comment on 
the article under discussion. 

Todd A. Gibson 

University of Colorado at Denver and Health 
Sciences Center, PO Box 6511, Mail Stop 8303, 
Aurora, Colorado 80045, USA 


Correction 

PLoS One published just over 550 articles during 
its first six months, not 1,189 as stated in 
Correspondence ‘Why are people reluctant to 
join in open review?’ (Nature 447, 1052; 2007). 
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Driving a wedge into the Amazon 


Things are heating up in the Amazon as the burning season begins. In Brazil, a 30-year-old study of forest 
fragments is itself threatened by farming, logging and hunting, say William Laurance and Regina Luizao. 


vasive threat to Earth’s biodiversity. For 

those who study such things, the Bio- 
logical Dynamics of Forest Fragments Project 
(BDFFP) in central Amazonia has, since 1979, 
been a scientific Mecca. Two hours north of 
the city of Manaus in Brazil, this 1,000-square- 
kilometre study area is home to the world’s 
largest and longest-running experimental 
study of forest fragments’ *. Yet despite assur- 
ances from the Brazilian government, the 
BDFFP is now itself in imminent danger of 
becoming fragmented by rampant coloniza- 
tion (see map, overleaf). As the agricultural 
frontier expands, forest burning, logging and 
hunting are threatening to besiege the study 
area and drive a wedge deep into a crucial con- 
servation corridor. For the BDFFP, is this the 
beginning of the end? 

The BDFFP is under particular pressure 
from the Manaus- Venezuela highway. Aside 
from slicing through the BDFFP, the highway 
bisects the Central Amazonian Conservation 
Corridor’, a budding network of protected and 
indigenous lands that is one of the most impor- 
tant conservation areas in the entire Amazon 
basin. These and other protected reserves in 
Amazonia are coming under increasing pres- 
sure as deforestation activity has spiked over 
the past decade’. For those Brazilian and for- 
eign scientists who have studied at the BDFFP 
— and there are hundreds — the situation is 
all the more depressing as they fight against 
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government bureaucracies that seem either 
myopically disinterested or determined to 
push ahead with forest colonization at any cost. 
The solution, the scientists believe, is to fol- 
low a carefully conceived land-use plan for the 
region that they themselves helped to devise. 
This plan, inexplicably, has yet to be released by 
the federal agency that sponsored it. 


Unique insight 

When the BDFFP first got going in the 1970s, 
it took advantage of a government scheme 
to promote large-scale cattle ranches in the 
central Amazon. With the cooperation of the 
ranchers, BDFFP researchers designed a giant 
project to study experimentally, for the first 
time, how fragmented habitats might affect 
tropical wildlife. Because of poor soils and 
an end to government subsidies, the ranches 
have been largely abandoned, but the BDFFP 
has flourished. Operated jointly by Brazil’s 
National Institute for Amazonian Research 
(INPA) in Manaus and the Smithsonian Tropi- 
cal Research Institute in Panama, it has been 
one of the most productive ecological research 
projects in the Amazon, generating nearly 500 
scientific publications and books, and more 
than 100 graduate theses. 

Why is the BDFFP so special? A key advan- 
tage is its rigorous experimental design. Within 
the study area, isolated but comparable frag- 
ments of 1, 10 and 100 hectares were created 
as the surrounding forest was cleared by the 
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ranchers to create cattle pastures. Because 
tropical forests are both notoriously heteroge- 
neous and chock-full of rare species, inferring 
how fragmentation affects such complex com- 
munities can be a statistical nightmare. In the 
BDFFP, however, researchers have surveyed 
thousands of rainforest species, including 
trees, birds, mammals, amphibians and vari- 
ous invertebrate groups, both before the forests 
were fragmented and at regular intervals after- 
wards. By repeated monitoring of these species 
and by contrasting them with those in nearby 
intact forest, BDFFP researchers have gained 
unparalleled insights into the ecological decay 
of forest fragments’ **”. It is these critical intact 
forests that are now directly under threat. 

In addition to its research mission, the 
BDFFP has a leading educational role, provid- 
ing free environmental training courses for up 
to 100 Latin American students, park manag- 
ers and political leaders each year. Veterans of 
these courses now hold strategic positions in 
many government agencies, universities and 
conservation organizations in Amazonia. The 
BDFFP also hosts high-profile visitors, includ- 
ing former US vice-president Al Gore, actor 
Tom Cruise and numerous members of US 
Congress and Brazilian officials, who exper- 
ience the rainforest first hand, trudging to 
remote field camps and sleeping in the open. 

Equally important is that the unfragmented 
parts of the BDFFP study area feature a fully 
intact biota, replete with jaguars, pumas, harpy 
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eagles, tapirs and other predators and mega- 
fauna that have vanished from much of the 
tropics because of rampant forest destruction 
and overhunting. Most of the world’s leading 
tropical research centres, such as Barro Colo- 
rado Island in Panama, La Selva in Costa Rica, 
Las Tuxtlas in Mexico and Pasoh in Malaysia, 
are either isolated forest fragments or islands 
on which the original megafauna have largely 
disappeared. Large rainforest predators help to 
regulate the density of their prey species, and 
their absence can provoke ecological distor- 
tions that reverberate throughout the entire 
ecosystem’. 

Regrettably, the days of the BDFFP — at 
least as a bastion for the species-rich Ama- 
zonian ecosystem — could be numbered. To 
promote colonization of central Amazonia, in 
the 1970s the Brazilian government decreed 
the city of Manaus to be a free-trade zone, with 
minimal taxes to encourage investment. The 
city has since grown explosively, now totalling 
around 1.7 million people. Urban sprawl and 
forest colonization — some of it illegal — are 
consuming expanses of surrounding forest 
and, like a giant amoeba, the city has all but 
swallowed the nearby 100-square-kilometre 
Ducke Forest Reserve (see map). 


Mounting danger 

Since the late 1990s, the paving of the 1,070- 
kilometre-long Manaus- Venezuela highway 
has greatly accelerated forest colonization 
and logging north of the city. SUFRAMA, a 
Brazilian federal agency that controls a large 
expanse of land north of Manaus that includes 
the BDFFP, has begun settling families in 
farming plots around the immediate periph- 
ery of the study area. At least six SUFRAMA 
colonization projects involving 180 families 
are planned for the near future (see map). 
This could be the beginning of a dramatic 
influx into the area, especially if a proposed 
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highway is paved between Manaus and 
Rondénia, a major deforestation hotspot in 
southern Amazonia’. 

The pressures from the farm settlers are 
already being felt. Roaring chainsaws and shot- 
gun blasts can now be heard from the BDFFP 
study camps. Last year one of the camps was 
raided, with research equipment worth thou- 
sands of dollars being stolen, and a settler-lit 
fire destroyed an array of critical study plots. 
Field researchers are increasingly encounter- 
ing gun-toting hunters that encroach into the 
study area, with one plucky graduate student 
facing down a truckload of 


Urban sprawl and forest 
colonization north of Manaus, 
Brazil (left); planned 
colonization sites near the 
Biological Dynamics of Forest 
Fragments Project (right). 


and has failed to release it publicly. In response, 
BDFFP researchers are attempting to enlist the 
help of BAMA, Brazil's national environmen- 
tal agency, to stop SUFRAMA from charging 
ahead with its environmentally destructive 
development plans. IBAMA is obliged to 
intervene, they maintain, because parts of the 
BDFFP study area are national protected areas, 
but so far little has happened. 

How can people outside the Amazon help? 
The key, say project researchers, is to focus 
attention on the alarming and irrevocable land- 
use decisions being taken in central Amazonia. 
Anything that generates public- 


armed men. As such conflicts “We have gained ity, such as newspaper stories 

increase, many feara possible unparalleledinsights  andletters to the editor, would 

tragedy — such as the recent from the intact forests be useful. Ultimately, they hope, 

murder of two park guards by fA the Brazilian media will take 
now under threat. 


illegal gold miners in French 
Guiana, or the 2005 assassina- 
tion of the American nun Dorothy Stang by 
Amazonian ranchers. 


Time is ticking 
Can the BDFFP be saved? The project's staff 
and researchers are digging in for a fight. They 
are lobbying SUFRAMA and the Brazilian 
land-settlement agency INCRA not to estab- 
lish forest-colonization projects in the area, 
arguing that the study area is of irreplaceable 
scientific value, that its nutrient-starved soils 
are poorly suited to farming, and that INCRA 
is violating its own formal policy not to 
settle people on forested land. They also con- 
tend that the BDFFP study area, if protected, 
would secure the most vulnerable part of the 
planned Central Amazonian Conservation 
Corridor, which will ultimately span much of 
Brazilian Amazonia along an east-west axis. 
Finally, they are working with partners in the 
Amazonas state government to help establish 
new protected areas in the region, and with 
colleagues at INPA and other organizations 
whose study areas north of Manaus are also 
being threatened by rapid encroachment. 
The most frustrating aspect of the ongo- 
ing battle, say the project researchers (a group 
that includes both of us), is that SUFRAMA 
completed a comprehensive ecological-zoning 
study in 2004, to which a number of BDFFP 
scientists contributed. SUFRAMA is now 
ignoring its own study — which would have 
ensured that critical environmental and scien- 
tific areas such as the BDFFP were protected — 
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an active interest, highlight- 
ing the strategic importance 
of this region to the Amazonian conservation 
corridor and the disappointing response so far 
from federal officials. 

Time is of the essence. The burning season 
takes offin July and then goes on until Novem- 
ber or December. Smoke plumes from forest 
fires will soon encircle the BDFFP landscape, 
and settlers, loggers and hunters are draw- 
ing ever closer. “We are like the little Dutch 
boy with his fingers in the leaking dike,’ says 
BDFFP researcher José Camargo, “and we are 
running out of fingers!” a 
William F. Laurance is at the Smithsonian Tropical 
Research Institute, Apartado 0843-03092, 
Balboa, Ancon, Republic of Panama. 

Regina C. C. Luizao is in the Department of 
Ecology, National Institute for Amazonian 
Research (INPA), C.P. 478, Manaus, Amazonas 
69011-970, Brazil. 
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A man of peace 


One scientist's journey from the Manhattan Project to the Nobel Peace Prize. 


Joseph Rotblat: Visionary for Peace 
edited by Reiner Braun, Robert Hinde, 
David Krieger, Harold Kroto & Sally Milne 
Wiley: 2007. 371 pp. $45, £27.50 


War and Peace: The Life and Work of Sir 
Joseph Rotblat 

edited by Peter Rowlands & Vincent 
Attwood 

University of Liverpool: 2006. 338 pp. £15 


Malcolm Dando 

Joseph Rotblat, when receiving the honorary 
degree of Doctor of Science from Bradford 
University in 1973, described the ongoing 
build-up of nuclear arms and the underly- 
ing doctrine of deterrence: “This doctrine of 
deterrence is known under the name of mutual 
assured destruction: M.A.D. It is indeed a mad 
system in which survival depends on the threat 
of total annihilation” 

Such a system, he believed, was bound to fail 
sooner or later and so he advocated an alterna- 
tive: “One in which our survival is based on 
mutual incentives, on the recognition of the 
ever-growing interdependence of all members 
of society all over the world, on the utilization 
of the vast potential of technology to build and 
sustain a clean and healthy world” 

The two books reviewed here, Joseph Rot- 
blat: Visionary for Peace and War and Peace: 
The Life and Work of Sir Joseph Rotblat, cel- 
ebrate the achievements of the nuclear physi- 
cist, who died in 2005 aged 96 (Nature 437, 
634; 2005). For much of his long life, Joseph 
Rotblat advanced the argument that nuclear 
deterrence was extremely dangerous, but that 
there were positive alternative uses of our 
science and technology. Yet rejection of the 
doctrine of deterrence had not always been 
Rotblat’s position. As one of the first scien- 
tists to realize that atomic bombs of incred- 
ible destructiveness were possible because of 
advances in our understanding of physics, he 
felt it was necessary to develop such bombs in 
order to deter Hitlerite Germany from using 
them, should it develop that capability. Thus, 
he became a member of the Manhattan Project 
in the United States and went to work at Los 
Alamos. However, when he realized that Ger- 
many could not develop the bomb, he left and 
returned to the United Kingdom. 

Today, life scientists increasingly face the 
dual-use dilemma that physicists had to con- 
front in the middle of the last century. It is 


Joseph Rotblat campaigned 
for nuclear disarmament and 
positive uses of science. 


becoming ever clearer that the vast new capa- 
bilities being generated by the biotechnology 
revolution for beneficial reasons could also 
be used for extremely destructive, hostile 
purposes. As Sir Joseph indicated in his 
lecture ‘Citizenship and the Challenge of 
Science’ in March 2002: “We already know 
about advances in biological warfare whereby 
gene manipulation could change some 
pathogens into terrifyingly virulent agents. 
But entirely different mechanisms might be 
developed. We cannot predict the destructive 
potential of military applications. All we can 
say is that the danger is real.” 

Despite the growing attention directed at 
the potential misuse of benignly intended life- 
science research by states parties to the Biologi- 
cal and Toxin Weapons Convention and the 
Chemical Weapons Convention, few practis- 
ing life scientists have grasped the nature of the 
problem, let alone considered what might be 
done to prevent the large-scale hostile use of 
their technology in future decades. 

These two fascinating sets of essays would be 
a good place for life scientists to begin consid- 
ering their dual-use problem and what might 
best be done about it. War and Peace is based 
on a conference held at Liverpool University, 
UK, in October 2006. It was to the Physics 
Department of Liverpool University that Rot- 
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blat moved, from Poland, just before the start 
of the Second World War, tragically having to 
leave his sick wife behind. The book contains 
essays from numerous people who knew him 
well and casts many different lights on his life: 
his early career in Poland; his work in Liverpool 
and then in medical physics at St Bartholom- 
ew’s Hospital, London; and his decades of 
work as a campaigner for peace and coopera- 
tion. I particularly liked the archivist’s story of 
carrying away some three tonnes of papers from 
Rotblat’s home to the University of Bath, UK, 
for cataloguing. Rotblat’s few ‘faults’ included 
an inability to throw away any records. 

There is some overlap between this book 
and Visionary for Peace, but the latter deals 
to a greater extent with Rotblat’s interna- 
tional activities for nuclear disarmament and 
peaceful cooperation, for which he and his 
creation, the Pugwash Conferences on Science 
and World Affairs, jointly received the Nobel 
Peace Prize in 1995. Mikhail Gorbachev, for 
example, recalls how he came to know Rotblat 
personally in the 1990s and how, at meetings of 
Nobel Peace Prize-winners, Rotblat’s contribu- 
tion to discussions of nuclear disarmament was 
invaluable because he was “the best qualified 
and perhaps the most passionate participant”. 
Gorbachev also noted that as the 1990s pro- 
gressed, “concern and alarm in our discussions 
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became more and more prominent”. He con- 
cluded: “We should not delude ourselves: in the 
final analysis, the problem can only be solved 
through the abolition of nuclear weapons. So 
long as they continue to exist, the danger will 
be with us”” 

Rotblat would certainly have agreed, and 
Visionary for Peace has a useful appendix of 
a set of his writings, which include his 2003 
paper, “The Nuclear Issue: Pugwash and the 
Bush Policies. This contains a typically inci- 
sive condemnation of the recent lurch to yet 
more reliance on nuclear weapons in the West- 
ern world: “The use of nuclear weapons is seen 
by the great majority of people in the world 
as immoral, due to their indiscriminate nature 
and unprecedented power. Their possession 
— and therefore likely use — is thus equally 
unacceptable, whether by ‘rogue’ or benevolent 
regimes.” Little wonder then that Pugwash sci- 
entists have argued against the replacement of 
Trident by the United Kingdom. 


Few of us are able to achieve a mature bal- 
ance between our many activities and diverse 
relationships. Yet, despite his hectic work 
schedule, Joseph Rotblat was universally 
regarded as an exceptionally kind and generous 
person. His wife and her mother died in the 
Holocaust but members of the family joined 
him in England after the war. An essay by his 
niece, Halina Sand, demonstrates his human- 
ity so well: “His warmth and kindness to me 
continued throughout his life, descending 
through the generations to my two daughters 
and their children. In his mid-nineties, and 
in poor health, he was still able to charm his 
small great-great-niece and twin great-great- 
nephews, just as he had once enthralled their 
mother and their grandmother: Joseph Rotblat 
was indeed a man of peace. a 
Malcolm Dando is professor of international 
security at the Department of Peace Studies, 
University of Bradford, Bradford, West Yorkshire, 
BD7 1DP, UK. 


Too much information 


Glut: Mastering Information Through the 
Ages 

by Alex Wright 

Joseph Henry Press: 2007. 296 pp. £16.99, 
$27.95 


Ann Blair 

‘Information overload’ is a phenomenon we 
know well — a Google search on the term 
retrieves close to 2 million hits. But is it really 
as new as we think? “We are not the first 
generation — nor even the first species — to 
wrestle with the problem of information over- 
load, Alex Wright reminds us in his ambitious 
new book, Glut. He seeks a balanced and his- 
torically informed assessment of the digital 
revolution’s impact. As a former librarian now 
working as an information architect, Wright 
combines insights from his areas of expertise 
with a wide range of historical and scientific 
literature aimed at non-specialist audiences. 
He does not attempt a synthesis of specialist 


debate, but offers a well-informed account of 
information management across a surprising 
range of examples. 

Information management systems, which 
typically rely on a combination of self-organ- 
izing networks and hierarchical relationships, 
are central to biological phenomena — from 
the evolution of multicellular organisms to the 
dynamics of social insects. Wright draws from 
sociobiology the suggestion that evolution has 
favoured the development of particular human 
cognitive behaviours in managing information, 
such as the drive to classify and the emotional 
attachment to symbols. He turns for confirma- 
tion to anthropologist Donald Brown's notion 
of human universals and notes the particular 
importance of the ice age that began some 
40,000 years ago in forcing humans to interact 
more closely, thus stimulating the develop- 
ment of drawing and symbolic objects. Wright 
argues that this “ice age information explosion 
brought humanity to the brink of literacy”. 


> 7 


The book's central chapters follow a more 
conventional selection of examples spanning 
the development of Western civilization: from 
the origins of writing in Mesopotamia for keep- 
ing commerce and administration records, to 
the accumulation of books and bibliographic 
records (at Alexandria, for example), through 
the Dark Ages in which Irish scribes worked 
alone outside traditional hierarchies (like 
today’s bloggers, Wright suggests), and into 
the age of print in the Renaissance. 

The author discusses some high points of 
early modern information management. For 
example, Giulio Camillo’ memory theatre 
(around 1550) promised access to all knowl- 
edge through a system of visual mnemonic 
cues; in 1751, the Encyclopédie of Diderot and 
d'Alembert established the modern norm for 
the encyclopaedia as an alphabetized, multi- 
author, multivolume and illustrated reference 
work; and at about the same time, Carl Lin- 
naeus devised a precise set of rules for classifi- 
cation in nature. Wright pays special attention 
to the methods for classifying books between 
the late seventeenth and early twentieth cen- 
turies, which culminated in the development 
of multi-tiered, expandable hierarchies of 
standardized headings, such as Melvil Dewey’s 
decimal classification in the late nineteenth 
century. He points out that libraries and 
librarians have long been at the forefront of 
information management techniques. 

Finally, Wright considers twentieth-cen- 
tury attempts to form a universal collection of 
retrievable information, many of which are now 
forgotten, although their original ambitions are 
partially realized in the World Wide Web. Paul 
Otlet, for example, was a Belgian bibliographer 
who dreamed of guiding users not just to the 
right books, but to their contents. His Mun- 
daneum (1910) eventually consisted of more 
than 12 million facts kept on index cards to 
which users could submit queries for a fee. The 
American engineer Vannevar Bush envisioned 
a machine called the ‘memex’, which would 
retrieve information to match a query from 
texts stored on microfilm. Although Bush’s 
article ‘As we may think (Atlantic Monthly, 
1945) is considered seminal today, Wright 
notes how little current information science 


Many information management techniques were first developed in libraries, where hierarchical classification methods have existed for centuries. 
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has heeded Bush's call for biological as well as 
mathematical models in computer science or 
his concerns about the influence of corpora- 
tions on the growth of the field. Wright shows 
more generally how the Internet has developed 
beyond the control or the approval of its early 
contributors (such as Tim Berners-Lee or Ted 
Nelson, the conceptual father of hypertext). 

The historical perspective of Glut is admira- 
ble: Wright neither assumes a linear progress 
nor makes unwarranted claims about the 
novelty or the indebtedness of current technol- 
ogies to earlier ones. He doesn't try to predict 
what the lasting impacts of the Web will be, but 
notes that the Internet facilitates the formation 
of small, self-organized communities that have 
the potential to undermine large hierarchical 
structures. In this way, he suggests that human 
culture may no longer be moving unidirection- 
ally as was once thought, towards coalescence 
into larger entities, but rather multidirection- 
ally. Wright clearly values the growth of grass- 
roots self-organization on the Web, but also 
acknowledges that bottom-up networks can 
benefit from some hierarchical structure. 

One pay-off of attending to earlier ambi- 
tions for information control is to highlight 
some of the weaknesses of our current system. 
Wright notes, for example, that our search 
algorithms and the metadata they create are 
not transparent but are the work of software 
engineers operating within a world of com- 
mercial secrecy; and our weblinks that carry 
information about intellectual associations are 
evanescent and can disappear without leaving 
a trace. Using the analogy of print’s arrival in 
the mid-fifteenth century, Wright warns of 
the potential for new technologies to seriously 
disrupt established structures. However, his 
interpretation that printing caused the Protes- 
tant Reformation is overly reductionist. 

Wright's conclusion that “as Internet users 
continue to congregate in small groups, such 
behavior harkens back to our deepest rooted 
social instincts” is less convincing. This type 
of hasty sociobiological generalization argues 
from evidence selected to suit its purposes, 
without weighing counterevidence or other 
contributing factors. That humans have 
evolved a desire to communicate and form 
social groups does not strike me as the most 
helpful explanation for the complex choices 
we make among the many means of commu- 
nication now at our disposal. Indeed, Wright 
shows throughout his book how the tools that 
were developed in different historical contexts 
to cope with information overload continue to 
shape our options and ambitions today. 

This stimulating book offers much oppor- 
tunity to reflect on the nature and long history 
of information management as a damper to 
the panic or the elation we may variously feel 
as we face ever greater scales of information 
overload. a 
Ann Blair is a professor of history at Harvard 
University, Cambridge, Massachusetts 02138, 
USA. 


Hot'seat: archaea thrive in 
extreme environments. 


Introducing the extremophiles 


The Third Domain: The Untold Story of 
Archaea and the Future of Biotechnology 
by Tim Friend 

Joseph Henry Press: 2007. 250 pp. $27.95 


Sean Nee 

Envy the achievement of Carl Woese, who 
announced his discovery of the third domain 
of life on Earth a mere 30 years ago. Marvel at 
the fact that most people are unaware of this 
three-domain understanding of biodiversity. 
Admire the journalist Tim Friend who 
resigned from the newspaper USA Today to 
write this superb book introducing the public 
to the third domain. Buy it and enjoy the per- 
sonalities, the adventures, the drama and the 
science too, all presented in an admirable mix 
that is a terrific read. 

Until recently, our view of life on Earth 
had changed little over centuries. There were 
animals, plants and a bunch of little things 
such as bacteria. One of the many quaint 
anachronisms of the University of Oxford is 
that it is still one of the few seats of learning 
to have separate departments of plant sci- 
ences and zoology, reflecting a view of life 
that is as outdated as snuff after dinner and 
bulldogs in bowler hats (don’t ask). It is prob- 
ably no coincidence that Oxford's most famous 
popular writer on biology, Richard Dawkins, 
notoriously gave only a single page to the third 
domain of life in his take on biodiversity, The 
Ancestor’s Tale, apparently more interested in 
things like cabbages. 

Here are the three domains. Bacteria: you 
know what they are but you probably have 
no idea how interesting they are — but that’s 
another book. Eukaryotes: unlike bacteria, 
eukaryotic cells enclose their genetic material 
in an internal membrane and have lots of inter- 
nal membrane-bound organelles. This domain 
includes multicellular plants and animals, but 
these are small beer compared with the enor- 
mous diversity of single-celled eukaryotes, 
most of which we know about only because 
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they cause disease, such as giardia. The third 
domain, the subject of this book, is the archaea. 
Although they are single-celled and definitely 
not eukaryotes, they are not bacteria either. To 
see this point clearly, know that there are no 
archaea that cause disease. Ifanyone has a good 
idea why this is, please contact me at once. It is 
not that they are only found in strange places 
where we do not go — your mouth, for exam- 
ple, is teeming with them. Also, a particular 
antibiotic that works by disrupting the infor- 
mation-processing machinery in bacteria has 
no effect on eukaryotes or archaea. The current 
understanding is that we share the same infor- 
mation-processing genes as archaea. 

It had long been conventional wisdom that 
the phylogeny — the family tree — of bacteria 
could not be constructed. Until recently, phy- 
logenies had been based on morphology: we 
look quite like gorillas and chimps, less like 
gibbons, even less like howler monkeys, not at 
all like cabbages, and so on. These degrees of 
similarity reflect the length of our separation in 
evolutionary time. But morphology is useless 
for bacteria: they are blobs, squiggles or rods. 
That tells us nothing. 

Soon after the invention of DNA-sequencing 
technologies, Carl Woese had the insight that 
comparing sequence similarities between 
bacteria might allow the construction of their 
phylogeny, and he got to work. He chose a par- 
ticular gene that is essential in translating DNA 
into proteins and so must be found in all life 
forms — at least, as understood at the time. 
Having sequenced a segment of the gene in 
many bacterial species and found reasonably 
varying degrees of similarity, a colleague down 
the hall brought him some ‘bacteria with an 
unusual metabolism: methanogens get their 
energy by combining hydrogen and carbon 
dioxide, producing the potent greenhouse gas 
methane as an end product. These are respon- 
sible for swamp gas, for example, and about 
50% of you reading this have them in your gut. 
This is one of the gases that allows you to do 
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your party trick, bent over, with a lighter in a 
darkened room. Woese found that the metha- 
nogen gene sequence was very, very different 
to those of other bacteria he had sequenced. 
What could this mean? 

At the time, and before, microbiologists 
had been looking for life in apparently ridicu- 
lous places, and finding it. We now know that 
archaea can live everywhere: in hot acid fluids 
that can dissolve steel, in fluids as alkaline as 
those we use for floor strippers, in pressures 
and temperatures as high as that in autoclaves 
that hospitals use to sterilize equipment. It is 
not just that they can tolerate such environ- 
ments. These are their natural habitats and spe- 
cies adapted to them die in conditions that we 


would consider benign. Sequencing more and 
more such ‘extremophiles’ from different envi- 
ronments, Woese found that they all naturally 
grouped together in the ‘bacterial’ family tree. 

Previous workers, such as the exalted Tho- 
mas Brock, had observed that the biochemis- 
try of the cell walls of ‘bacteria was similar in 
specimens from very different extreme envi- 
ronments and quite different from that of typi- 
cal bacteria. This had been explained away as 
convergent evolution — the same adaptation 
by bacteria to extreme environments, of what- 
ever sort. But Woese pulled all the evidence 
together and made the intellectual leap that is 
now accepted: there is a third domain of life 
— the archaea. 


All of this is told, and much more. Friend 
quite rightly does not restrict himself to 
archaea. For example, there is a fascinating 
chapter on the Titanic, which is literally being 
eaten by enormous, macroscopic consortia of 
symbiotic microbes from all three domains — 
superorganisms called rusticles with vascula- 
tures and immune systems, ultimately powered 
by the fact that the sunken passenger liner is 
functioning like a giant battery. Having learned 
all about them from the scientists, Friend went 
down to the Titanic to see for himself. fd quit 
my job for that as well. a 
Sean Nee is an evolutionary biologist at the 
School of Biological Sciences, University of 
Edinburgh, Edinburgh EH9 3JT, UK. 
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Mind tricks 


Cognitive scientists take a lesson from magicians. 


Susana Martinez-Conde and Stephen L. 
Macknik 

Teller, the mute half of the magician duo Penn 
& Teller, apparently pulls a coin out of thin air 
for the umpteenth time. The audience breaks 
into applause. It's another great performance 
in Las Vegas, Nevada — only tonight, Teller 

is part of a special symposium hosted by 

the Association for the Scientific Study of 
Consciousness, bringing together magicians 
and cognitive scientists. 

Vision scientists have often turned to 
the visual arts to rediscover the principles 
underlying visual perception, such as how to 
convey the illusion of depth ona flat canvas. 
Similarly, cognitive scientists have much to 
learn from magicians, who have developed 
cognitive principles and illusions that trick 
audiences. 

The Magic of Consciousness Symposium 
on 24 June attempted to plumb directly 
the depths of the intuition of world-class 
magicians. Magicians are behaviour experts 
who artfully manipulate attention and 
awareness. Their wealth of knowledge 
on cognition and behaviour is now ripe 
for picking. 

James Randi — aka The Amaz!ng Randi — 
explained that spectators will easily accept 
unspoken assumptions. He made his point 
by fooling more than 200 consciousness 
researchers into thinking that his voice was 
being amplified by adummy microphone, 
and by pretending to read with glasses that 
were merely empty frames. 

Teller pulled coins out of thin air, 
conference bags and spectacles. He used 
water from his drinking glass to make a ball 
disappear. Shedding his normally silent 
stage persona, he described with eloquence 
how magicians make their audiences 
incorrectly link cause and effect. We all infer 
cause and effect in everyday life. When A 


precedes B, we conclude that A causes B. 
The skilled magician takes advantage of this 
inference by making sure that A (pouring 
water on a ball) always precedes B (the ball 
disappearing). However, A does not really 
cause B. The magician only makes it look 
so. Audiences assume that each repetition 
of a trick is done by the same method. 
“When a good magician repeats an effect, 
he varies the method in an unpredictable 
rhythm,” said Teller. “That way, each time 
observers suspect one method, they find 
their suspicion disproven by the subsequent 
repetition.” For instance, the disappearing 
ball is first secretly palmed by the other hand, 
but in the next repetition it is instead dropped 
on the magician’s lap (allowing the magician 
to show that the other hand is empty). 
Johnny Thompson — aka The Great 
Tomsoni — refers to this principle as 
“closing all the doors”. That is, a good 
trick will appear to rule out all possible 
explanations, except for magic. Mac King 
illustrated these points by impossibly pulling 
amelon-sized rock out of his shoe — three 
times. The first two times he purposely used 
the same method, making it easier to see 
the trick the second time around. The third 
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time he changed the method, deceiving the 
audience once again. “Much of our lives is 
devoted to understanding cause and effect,” 
Teller said. “Magic provides a playground for 
those rational skills.” 

He also explained that “action is motion 
with a purpose”. In normal social interactions, 
we constantly search for the purpose 
motivating other people's actions. An action 
with no obvious purpose raises questions. 
However, when the purpose seems crystal 
clear, we look no further. “Skilled magicians 
inform every necessary maneuver (motion) 
with a convincing intention,” said Teller. 
Thus, the real purpose of the motion (hiding 
the ball) is hidden by the apparent purpose 
of the action (pouring the water). 

Apollo Robbins, a professional thief who 
once pickpocketed Jimmy Carter's secret 
service detail, demonstrated the use of 
interpersonal distance and eye contact 
to control a target's gaze and attention. In 
doing so, he looted, undetected, every single 
pocket of a journalist from the audience. 

James Randi tied the evening together 
by effortlessly escaping ropes knotted by 
philosopher Dan Dennett. The intuitive 
insights offered by magicians will frame 
future cognitive experiments, from measuring 
the dynamics of attentional blindness to 
determining the neural correlates of causal 
inference. Where in the brain is motion 
perceived as action? Does this same brain 
area encode the purpose of the action? For 
cognitive scientists, the second act of the 
show will take place in the lab. | 
Susana Martinez-Conde and Stephen L. 
Macknik are at the Barrow Neurological 
Institute of St Joseph's Hospital and Medical 
Center, Phoenix, Arizona 85013, USA. They 
co-chaired the 11th Annual Meeting of the 
Association for the Scientific Study 
of Consciousness. 
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. Crop protection: Preparations 
thatinclide phosphinothricin 
are used as a weed-killer 

in agriculture. 


Uncharted route for antibiotics 


John P. Quinn 


In their battle for survival, soil microorganisms produce a vast arsenal of toxic molecules. One such toxin 
contains a unique sequence of atoms, and its biosynthesis includes some unexpected steps. 


Many commercially available antibiotics are 
products of soil bacteria that belong to the 
genus Streptomyces, or are modified versions 
of those products. They include several that 
are vital to medicine, such as vancomycin, 
rifampicin and clavulanic acid. But some 
microbial antibiotics are effective against 
more than just other microbes — they also act 
as herbicides. Reporting in Nature Chemical 
Biology’, Blodgett et al. provide fresh insights 
into the complex route by which the active 
ingredient of several widely used herbicides is 
made in Streptomyces viridochromogenes. This 
molecule, phosphinothricin (Fig. 1, overleaf), 
is unique among naturally occurring amino 
acids because it contains a carbon—-phospho- 
rus-carbon bond; its biosynthesis turns out to 
be equally unusual. 

The term ‘antibiotic was first coined by 
the soil microbiologist Selman Waksman 
to describe the array of toxins produced by 
microorganisms in an apparent attempt to 
kill or suppress the growth of their competi- 
tors. Towards the end of his career, Waksman 
became less convinced that antibiotics were 
involved in microbial chemical warfare’, and 
their ecological role is still unclear’. Neverthe- 
less, most anti-infective drugs used today were 
found by screening biologically active, natu- 
rally occurring compounds — often described 
as ‘natural products’ by chemists — in extensive 


programmes first set up in the 1940s. 

Such programmes have been scaled back in 
recent years. This is partly because the devel- 
opment of high-throughput technologies in 
the 1990s has facilitated the chemical synthesis 
and screening of large ‘libraries’ of structur- 
ally related molecules with potential biological 
activity. But the era of natural-product discov- 
ery is far from over. It is now recognized that 
synthetic approaches to finding biologically 
active compounds are most likely to be suc- 
cessful if they optimize promising structures 
that occur naturally. Some 12,000 structurally 
distinct ‘molecular scaffolds’ have been iden- 
tified in natural-product databases*. Further 
variants can be generated by manipulating the 
genes that encode the molecules involved in the 
biosynthetic pathways to these compounds. 

Phosphonates and phosphinates comprise 
a relatively unexplored group of biologically 
active natural products. They are character- 
ized, respectively, by a direct carbon-phos- 
phorus (C-P) or carbon-phosphorus-carbon 
(C-P-C) bond’. This distinguishes them from 
the many phosphorylated cellular compounds 
that contain carbon-oxygen-phosphorus 
(C-O-P) bonds. Phosphorylated compounds 
can be broken down by enzymes (which cleave 
C-O-P bonds), but phosphonates and phos- 
phinates are resistant to this process. Such 
resistance, coupled with their structural and 
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chemical similarity to phosphorylated biologi- 
cal molecules, means that many phosphonate 
and phosphinate natural products can interfere 
with cellular functions. 

This is certainly true of phosphinothricin, 
which was originally isolated’ from various 
species of Streptomyces in 1972, and was the 
first herbicidal natural product to be commer- 
cialized. Phosphinothricin inhibits glutamine 
synthetase — an enzyme central to plant nitro- 
gen metabolism — by mimicking a phospho- 
rylated amino acid (glutamic acid) that acts as 
the enzyme’s reaction intermediate. 

Strangely, our knowledge of phosphino- 
thricin biosynthesis is incomplete. The informa- 
tion we do have is based largely on a patchwork 
of data collected during the 1980s, and was 
obtained from the analysis of specially gener- 
ated mutant bacterial strains that each lacked an 
individual component of the phosphinothricin 
biosynthetic machinery’. Sequencing of the 
gene cluster thought to encode the enzymes of 
the synthetic pathway was completed only in 
2004 (refs 8, 9). It then became clear that the 
roles of just half of the genes’ products had been 
definitively established. Blodgett et al.’ now use 
a systematic mutational analysis that integrates 
chemical, biochemical and molecular-biological 
approaches to achieve a near-complete dissec- 
tion of the complex route of phosphinothricin 
formation. 
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Figure 1| Key steps in the biosynthesis of 
phosphinothricin. This herbicidal antibiotic is 
unique among naturally occurring amino acids 
because it contains carbon-phosphorus bonds 
(red). Blodgett et al.’ have determined how 
phosphinothricin is synthesized by the 
bacterium Streptomyces viridochromogenes. 
Two steps are especially noteworthy. a, The 

first carbon-phosphorus bond is formed 

by rearranging the atoms of the ubiquitous 
intermediate molecule phosphoenolpyruvate, 
in a reaction catalysed by the enzyme 
phosphoenolpyruvate phosphomutase. 

b, The hydroxyethylphosphonate 

intermediate is converted in one step to 
hydroxymethylphosphonate, removing a carbon 
atom. This seemingly simple reaction is catalysed 
by an unknown enzyme encoded by the phpD 
gene, and has no biochemical precedent. 


It is a tribute to those involved in the early 
research into phosphinothricin metabolism 
that so many of their conclusions withstand 
the scrutiny of modern analytical technologies. 
For example, the enzyme phosphoenolpyru- 
vate phosphomutase was known to be central 
to the formation of all phosphonate natural 
products; it catalyses the transfer of a phos- 
phorus group in the ubiquitous intermediate 
compound phosphoenolpyruvate. This atomic 
rearrangement converts a C-O-P bond toa 
direct C-P bond and leads to the formation of 
phosphonopyruvate. Blodgett et al.' confirm 
that this reaction is indeed the initial step in 
phosphinothricin biosynthesis (Fig. 1a). 

Other previously reported features of phos- 
phinothricin metabolism are also consistent 
with the new model. These include the for- 
mation of the second C-P bond by a methyl 
transferase enzyme, and the involvement of 
yet another enzyme (an acetyl transferase) 
that inactivates phosphinothricin to protect the 
producer organism from the compound; this 
acetyl transferase has already been exploited 
in the construction of herbicide-resistant 
transgenic crop plants”. 

Blodgett and colleagues’ investigation’ nev- 
ertheless reveals several big surprises. They 
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identify an unanticipated reaction sequence 
early in the phosphinothricin biosynthetic 
pathway (Fig. 1b) that includes the single-step 
removal of a carbon atom from an interme- 
diate compound. This transformation seems 
to have no biochemical precedent or readily 
predictable mechanism. Equally unexpected is 
the finding that formation of the second C-P 
bond of phosphinothricin requires an energy 
input. This comes from the reaction of a phos- 
phinothricin precursor with a cytidine triphos- 
phate molecule (which is closely related to the 
more widely used energy source, adenosine 
triphosphate, ATP). 

The authors report one more unexpected 
discovery: mutations in biosynthetic genes 
do not always totally block phosphinothricin 
production in S. viridochromogenes, nor always 
lead to the accumulation of metabolic inter- 
mediates. This suggests that these steps can 
be bypassed — albeit with a resulting reduced 
overall efficiency — by generic cellular enzymes 
that can bind to several different, structurally 
related substrates. This complication may be 


responsible for some of the ambiguous or con- 
fusing results that confounded the efforts of 
earlier workers in the field. Overcoming such 
difficulties demanded considerable technical 
ingenuity by Blodgett and colleagues. Their 
remarkable achievement lays a firm founda- 
tion for the further exploitation of an under- 
appreciated group of natural products. a 
John P. Quinn is at the School of Biological 
Sciences, Queen's University, 97 Lisburn Road, 
Belfast BT9 7BL, Northern Ireland. 

e-mail: j.quinn@qub.ac.uk 
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Narcissistic helpers 


Matthew T. Palmer and Casey T. Weaver 


T helper-17 cells, which are involved in immune responses, arise from a pool 
of precursor cells. It emerges that their differentiation is partly mediated by 
the IL-21 protein, which originates from the helper cells themselves. 


Over the past 500 million years, vertebrates 
have evolved an elegant solution to the life- 
long challenge posed by microbes: adaptive 
immunity. The adaptive immune response is 
triggered when a foreign, or non-self, molecule 
(an antigen) is encountered. This process is 
partly controlled by several types of T cell, each 
of which arises from a shared pool of precursor 
cells that have not previously encountered an 
antigen. So mechanisms must be in place to 
enforce the commitment of each ‘naive’ T cell 
to differentiate along one of the lineages. 

For their part, the long-recognized T helper 
type 1 (T,1) and type 2 (T,,2) lineages produce 
immune mediator proteins called cytokines 
that advance the development of one lineage to 
the exclusion of the other. Certain T,;] and T,,2 
cytokines act in an autocrine manner — that is, 
once produced, they bind to cell-surface recep- 
tors on new, naive T cells, thereby activating 
their own signalling pathways. These cytokines 
also suppress the development of the recently 
identified proinflammatory cells of the T;17 
lineage. However, no cytokines from T,,17 cells 
that would promote T,,17 development had 
been identified. Three reports — by Nurieva 
et al. and Korn et al.’ on pages 480 and 484 of 
this issue, and by Zhou et al. in Nature Immu- 
nology’ — now fill this gap by identifying 
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the interleukin (IL)-21 protein as the T;17- 
secreted autocrine cytokine. 

T 17 cells produce cytokines such as IL-17A 
and IL-17E, which regulate immune responses 
specially adapted to clearing extracellular 
bacteria and fungi. Interest in T,17 cells has 
been intense — not just because their discovery 
shored up a deficiency in our understanding 
of the arsenal of adaptive responses to micro- 
bial pathogens, but also because these cells 
have been implicated in the pathogenesis of 
several chronic inflammatory diseases, includ- 
ing inflammatory bowel disease, psoriasis and 
rheumatoid arthritis’. 

In an immune response, specialized cells 
called dendritic cells recruit antigen-naive 
helper T-cell precursors. Dendritic cells not 
only process and present microbial antigens to 
the antigen receptor on the precursor T cells, 
but they also produce, or elicit the production 
of, cytokines that guide the differentiation of 
these cells. The resultant effector T cells then 
specifically eradicate the microbial invader 
initially presented by the dendritic cells. 

Differentiation of T,,17 cells is triggered by 
a pair of cytokines — transforming growth 
factor (TGF)-B and IL-6 — which induce 
the expression of an orphan nuclear receptor 
knownas retinoic acid receptor-related orphan 
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Figure 1 | Development of the T,,17-cell lineage. Some bacterial and fungal pathogens are detected 

by dendritic cells, which process them and present them as antigens, together with proinflammatory 
cytokines, to naive T-cell precursors. Three research teams’ ° now find that dendritic-cell-derived 
IL-6, and another cytokine, TGF-, then direct the antigen-activated precursor T cell down the 

Ty17 developmental pathway by inducing the expression of IL-21. This cytokine amplifies its own 
production by an autocrine feedback loop and drives the expression of the T,,17-specific transcription 
factor ROR-y. In turn, ROR-y induces the expression of the receptor for IL-23 — a cytokine that 


further enforces T,,17-cell differentiation. 


receptor (ROR)-y (refs 5-8). This gene tran- 
scription factor prepares T,,17 cells to respond 
to IL-23, a third cytokine that had already been 
associated with T,,17 differentiation’. 

Unlike T,1 and T,2 cells, T};17 cells had not 
been found to produce cytokines that reinforce 
their own differentiation, apparently being 
unable to beget their own kind through an 
autocrine mechanism. The three new papers’ 
rectify this misconception, showing that 
IL-21, whose expression is induced in develop- 
ing T,17 cells by dendritic-cell-derived IL-6, 
could sustain and amplify T,17-cell differen- 
tiation through an autocrine feedback loop, 
bypassing any further requirement for IL-6. 

In addition to promoting T,,17-cell differen- 
tiation, TGF-B promotes the differentiation of 
a subset of T cells known as induced regulatory 
T (T,..) cells. In contrast to effector T cells, T,,., 
cells are responsible for maintaining immune 
tolerance: they limit responses mediated by 
effector T cells that could injure host tissues. To 
shift TGF-B-induced T,,, development towards 
Ty17 requires IL-6. So Korn et al.” predicted 
that, in IL-6-deficient mice, both the devel- 
opment of T,,17 cells and the induction of a 
mouse model of multiple sclerosis would be 
impaired, instead favouring T,., development. 
This proved to be the case. However, when the 
authors depleted IL-6-deficient mice of T,,., 
cells, the development of T,,17 effector cells 
was partially restored, indicating an IL-6-inde- 
pendent pathway to T,,17 differentiation. By 
screening for cytokines that might substitute 
for the effect of IL-6, they identified IL-21. 

In complementary studies, Nurieva et al.’ 
and Zhou and colleagues* compared the total 
gene expression of T helper cells that had dif- 
ferentiated under different conditions. Both 
teams found that, under conditions known 
to promote T,,17-cell development, levels of 
messenger RNA for IL-21 were enhanced, indi- 
cating induction of its encoding gene. These 
groups’ also found that IL-21 was as effective 
in inducing the expression of ROR-y and the 


receptor for IL-23 as was IL-6. But, compared 
with IL-6-deficient T cells, cells deficient in 
IL-21 were profoundly impaired in inducing 
IL-23 receptor, ROR-y and IL-17 in response 
to IL-6. Thus, IL-21, not IL-6, seems to be the 
main inducer of the IL-23 receptor. 

Could IL-21 induce its own expression 
through a ROR-y-independent pathway? 
Possibly; ROR-y-deficient T cells expressed 
normal levels of IL-21, but expressed reduced 
levels of IL-17A, IL-17F and IL-22 (refs 1, 3). 
This indicates that, in the molecular-signalling 
pathway, IL-21 induction is upstream of, and 
independent of, ROR-y. 

Together, these studies support a revised 
model of T,,17-cell development. Thus, IL-21 
is both necessary and sufficient for the differ- 
entiation of T,,17 cells, acting downstream of 
IL-6 and upstream of ROR-y to promote the 
expression of the IL-23 receptor. This, in turn, 
prepares cells for IL-23-mediated completion 
of T,,17-cell differentiation (Fig. 1). 

It was known that IL-21 suppresses the 
production of another cytokine, IFN-y, both 
by cytolytic T cells, which destroy infected 
cells, and by T,;1 cells!”. It is therefore plausible 
that, in promoting the development of T,;17 
cells, another function of IL-21 is to suppress 
IFN-y, which can potently inhibit T,,17-cell 
differentiation. 

The possibility that IL-21 is an essential 
inductive and maintenance factor for T,;17- 
mediated immune responses raises the pros- 
pect that it will be a target for therapeutic 
intervention, either to curb the pathogenic 
(autoimmune) effects of T,,17 or to enhance 
its protective (anti-pathogen) effects. a 
Matthew T. Palmer and Casey T. Weaver are 
in the Department of Pathology, University of 
Alabama at Birmingham, Birmingham, Alabama 
35294-2170, USA. 
e-mail: cweaver@uab.edu 
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50 YEARS AGO 

The General Board of the 
Faculties of the University of 
Cambridge has prepared a report 
outlining a course whereby 
students could undertake study 
of ascience subject as well as 

of an arts subject... The new 
course would give students 

the advantages of training in 
both arts and science. Arts 

men are trained not only to 
collect accurate data and to use 
them systematically, but also 

to exercise critical judgment 
upon matters of opinion where 
scholars may reach quite 
different conclusions. On the 
other hand, the conclusions of 
the scientist are based on precise 
observations and measurements, 
involve exact calculations, and 
must be tested by experiment 

or controlled observation; 
agreement on essential issues 
can therefore ultimately be 
reached. 

From Nature 27 July 1957. 


100 YEARS AGO 

We learn with regret of the death 
of Prof. Egon von Oppolzer at the 
early age of thirty-seven. Dr. von 
Oppolzer, who was a son of the 


celebrated Theodor von Oppolzer, 

was born at Vienna in 1869, and © 
was educated at the universities 

of Vienna and Munich. |In1897 ( ) 


he became an assistant in the 
observatory at Prague, where he 


discovered in 1901 the variability 


in the brightness of the planet 

Eros... Among the subjects on 
which he wrote are astronomical 
refraction, solar physics, and the 
application of physical theory to 
stellar problems. He also made 
contributions to meteorology. A Ee] 
new form of zenith telescope was 
constructed by him, as well as a > 
photometer of novel design. The 

variability of the minor planets, 
which has recently becomea 
subject of very great interest, has eS 
naturally been investigated with —_— 
the greatest success by the aid 

of photography, and it is worthy 
of note that Dr. von Oppolzer’s 
important discovery in this branch 
of research was established by 
visual observations. 

From Nature 25 July 1907. 
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ASTROBIOLOGY 


Photosynthesis in watercolours 


John Raven 


The spectrum of stellar radiation available to an organism is altered by the 
atmosphere and water on the planet it inhabits. Study of this relationship 
can outline the limits to photosynthesis. 


Water is essential for life ‘as we know it} and the 
search for life ‘as we don’t know it elsewhere in 
the Universe centres on the search for evidence 
of water’. But the properties of water that make 
it essential for organisms and their environ- 
ments can also restrict organisms’ activities. 
An example that has now been re-investigated 
by Kiang et al.’ and by Stomp et al.’ is the 
wavelength dependence of the absorption of 
electromagnetic radiation by water, and also by 
permanent atmospheric gases. Such studies can 
inform our understanding of the distribution 
and pigmentation of photosynthetic organisms 
on Earth”, and on any life-supporting Earth- 
like planets in other solar systems. 

This biological dark side of water — its 
absorption of solar electromagnetic radiation 
— creates habitats that restrict or eliminate the 
roles of solar radiation in supplying energy for 
photosynthesis and information to sensory 
systems. The effective absence of solar radia- 
tion deep in large bodies of water such as lakes 
and oceans has long been recognized, and lim- 
its photosynthesis with this energy source to 
at most the top few hundred metres of water 
bodies, and to the land surface. The signi- 
ficance of water’s wavelength-dependent atten- 
uation of solar radiation for photosynthesis by 
aquatic organisms has been recognized since 
the late nineteenth century. Engelmann’, with 
his theory of complementary chromatic adap- 
tation, suggested in 1883 that the depth at 
which seaweeds with different pigments grow 
might be related to the spectrum of incident 
radiation they receive. 

Later work showed that Engelmann had 
underestimated the role of dissolved and sus- 
pended material in modifying the radiation 
attenuation due to water alone, and that, even 
when this was taken into account, the quantita- 
tive significance of complementary chromatic 
adaptation of seaweeds in nature was small. 
But Engelmann’ perception was a great stimu- 
lus to study of the photosynthetic pigmentation 
and the radiation environment of organisms 
in relation to the absorption of radiation by 
water. That work has extended to anoxygenic 
organisms (photosynthetic bacteria)” * — that 
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is, those whose photosynthesis does not gen- 
erate oxygen — as well as being carried out on 
the oxygenic organisms considered by Engel- 
mann, and also to other planets that might sup- 
port life*. On Earth, the advent of anoxygenic 
organisms preceded that of oxygenic ones. 

Kiang et al.’ surveyed the diversity of photo- 
synthetic organisms, and propose constraints 
on the evolution of the pigments that harvest 
and transform radiation. One is the wavelength 
of the peak photon flux in the environment. 
Another is the longest wavelength that has 
sufficient energy per photon to bring about 
the appropriate photochemical reaction (in 
which photon energy is converted into chemi- 
cal energy). Organisms that produce oxygen 
from water, a very energy-intensive reaction, 
are constrained to using shorter wavelengths 
than are those that do not produce oxygen. This 
is the case despite the oxygen producers using 
two photochemical reactions in series, rather 
than a single reaction, as seen in anoxygenic 
organisms. The sorts of photochemistry that 
can occur, and the pigmentation of the organ- 
isms, are greatly influenced by the absorption 
of solar radiation by water (and oxygen) in the 
atmosphere and, for aquatic organisms, in the 
water body in which they live’. 

Independent work by Stomp et al.* empha- 
sizes the photon-absorbing properties of bulk 
water. Their analysis concentrates on photosyn- 
thetic microorganisms living in various bodies 
of water whose photon-attenuation properties 
differ because of dissolved and suspended mate- 
rial. Stomp et al. also examined the details of the 
photon absorption of water in the visible and 
infrared parts of the spectrum, concentrating 
on the harmonics of the molecular vibrations 
resulting in the main absorption features. 

A major outcome of this work is in defining 
spectral niches for photosynthetic organisms 
in different aquatic habitats. Such conclusions 
for photosynthetic microorganisms do not 
necessarily conflict with those of Dring® 
for seaweeds. Dring showed that the dif- 
ferences in pigmentation among seaweeds 
are less quantitatively significant for photo- 
synthetic performance in their natural 


©2007 Nature Publishing Group 


habitats than many had previously believed. 

Kiang and colleagues’ analyses’ of con- 
straints on pigmentation of photosynthetic 
organisms on Earth provide the basis for their 
discussion’ of astrobiological aspects of photo- 
synthesis. Putative planets associated with 
stars of the M spectral type are commonly 
taken to be locations where life might occur, 
given the abundance of these stars and their 
longevity. Photosynthetic organisms on an 
Earth-like planet orbiting an M star would 
experience stellar radiation with maximum 
photon fluxes at wavelengths in the infrared 
spectrum. The ‘average’ photon would have a 
lower energy content, and there would also be 
a much greater absorption by water, than for 
solar radiation on Earth**’. 

Significant photosynthesis could nonetheless 
occur on such a planet*’. But there would be 
energetic problems in using the relatively low- 
energy photons to reduce carbon dioxide with 
electrons from water, with production of oxy- 
gen. The mechanism on Earth relies on two 
photochemical reactions in series; on planets 
orbiting an M star more than two reactions in 
series would be required”’. On any such planet, 
the longer wavelengths at which photosynthetic 
pigments would absorb would have implications 
for the remote sensing of pigments by reflectance 
spectroscopy as an indicator (with appropriate 
caveats) of photosynthesis, and hence life. 

Kiang et al.”° and Stomp et al.* use physics 
and chemistry to set limits on the mechanisms 
of photosynthesis that are possible in different 
habitats on Earth and on any Earth-like plan- 
ets orbiting other stars. The authors’ analyses 
outline the sorts of photosynthetic mechanism 
that are possible in a given radiation environ- 
ment, without defining the chemical nature 
of the pigments or other components of the 
photosynthetic system. 

Although the evolution of oxygen-produc- 
ing photosynthesis is a likely outcome of the 
biogeochemical changes that accompany photo- 
synthesis not involving oxygen production 
ona planet, this cannot be taken for granted. 
Accordingly, in the search for life outside our 
Solar System, an astrobiological niche presents 
itself. This is the spectroscopic remote-sens- 
ing not only of photosynthetically produced 
oxygen and its derivative ozone’, but also ofa 
diversity of photosynthetic pigments*”, on any 
Earth-like planets that maybe detected. 
John Raven is at the College of Life Sciences, 
University of Dundee, Invergowrie, 

Dundee DD2 5DA, UK. 
e-mail: j.a.raven@dundee.ac.uk 
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MATHEMATICS 


Some assembly needed 


lan Stewart 


Origami, the ancient Japanese art of paper folding, is mathematically 
deeper than it looks. Delving into its complexities allows the construction 
of elaborate and useful structures from simple, flat templates. 


Saving space is an imperative in commerce, 
engineering and the structure of living crea- 
tures. Furniture and garden equipment come 
in flat-packs to save storage space in the ware- 
house and the delivery van — and, it must be 
said, to make the purchaser do all that time- 
consuming work of assembly. The solar pan- 
els that provide satellites with electrical power 
have to be folded so that they fit into the bay 
of a space shuttle. And who could fail to be 
entranced by the emergence ofa butterfly from 
a pupa, as pulsing blood inflates bedraggled, 
folded tissue into glorious, gaudy wings? 

Over the past two decades, a dedicated 
band of mathematicians, engineers and 
computer scientists has been developing 
anew branch of mathematics to under- 
stand the science of folding objects flat. 
In acontribution' to a recent confer- 
ence’ that exemplifies these efforts, 
Taketoshi Nojima details the deriva- 
tion of a surprising range of geo- 
metrical forms from a flat sheet of 
material, including “tubes, conical 
shells, circular membranes, mov- 
able/shape-changeable models 
and highly rigid 3-D cores”. 

Researchers’ inspiration 
in this area derives from 
two quite different sources: 
‘biomimetics, the techno- 
logical mimicry of biological 
processes and structures, and the 
ancient Japanese art of ori- 
gami. The results have been 
intriguing and ingenious, and 
have already found applications in maps, food 
packaging, folding drinks containers, car air- 
bags and spacecraft antennas. Among future 
applications could be foldable plastic bottles, 
lightweight skeletons for aerospace structures 
and compact light-sails for interplanetary 
travel. The mathematics developed along the 
way could also feed back into a better under- 
standing of nature’s own origami: the growth 
and development of leaves, buds and insect 
wings. 

Origami’ potential as a source of mathemati- 
cal problems has been recognized for some 
time. Its patterns of folds can construct geomet- 
ric forms beyond those possible with Euclid’s 
traditional rule and compass, such as regular 
seven-sided and nine-sided polygons. The basic 
problem of origami is the flat-folding problem: 
given a diagram of fold lines on a flat sheet of 
paper, can the paper be folded into a flat shape 


Figure 1| Natural inspiration 
— Nojima’s' origami pine cone. 


without introducing any further creases? 

In 1996, two computer scientists, Barry 
Hayes of Placeware, Inc. and Marshall Bern at 
Xerox's Palo Alto Research Center, proved that 
this question is mathematically equivalent to a 
famous problem in logic, the 3-SAT problem’. 
This is the ‘satisfiability problem, and is an 
example of an NP-hard problem, meaning that 
the running time required for any algorithm to 
solve the problem grows rapidly as the problem 
becomes more complex, so that the calculation 
takes too long to be feasible. The satisfiability 
problem asks the question whether there is 

some assignment of values for boolean 
expressions — combinations of true-or- 
false logical statements — built from 
simple three-component formulas such 
that the entire expression returns the 
value ‘true. Mathematically, therefore, 
origami is deeper than it looks. 
The same is true biologi- 
cally, and this is where Nojima’s 
research comes in. By study- 
ing natural folding patterns, 
especially those associated 
with the growth of plants, 
he has devised methods for 
folding remarkable three- 
dimensional shapes from 
flat sheets of lightweight 
material. For example, one 
class of structures derives 
from the well-known occur- 
rence of Fibonacci numbers 
(the sequence of numbers in 
which each is the sum of the 
two preceding numbers: 0, 1, 1, 2, 3, 5, 8, 13,21, 
34, 55 and so on) in various cylindrical or heli- 
cal plants, such as pine cones and pineapples. 
The scales ofa pine cone, for instance, form two 
families of helices, one twisting clockwise and 
the other anticlockwise. The numbers of heli- 
ces in these families are two adjacent Fibonacci 
numbers, such as 8 and 13. Folding patterns 
with a similar form can be used to create rigid 
helical structures from flat sheets, which are 
rolled into a cylinder and then folded. If the 
sheet is first formed into a cone, collapsible 
conical structures can also be made (Fig. 1). 

This idea is only the beginning. Far more 
elaborate shapes can also be constructed by 
origami methods. Often these resemble bio- 
logical forms — flowers, horns, shells. Some 
of Nojima’s patterns are inspired by the buds of 
the morning glory and the folds in an earwig’s 
wings. Another source of inspiration is purely 
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Figure 2 | Industrial application of origami. 
The mathematical folding schemes developed 
by Nojima’ can be used to stamp out tiled 
patterns from sheet metal, which can then be 
folded and welded to form rigid, lightweight 
materials that might be of use, for example, in 
the aerospace industry. 


mathematical: tiling patterns, or ‘tessellations, 
in the plane. Clever folding processes based on 
tessellations lead to rigid, lightweight materials 
of a ‘honeycomb type (Fig. 2). Some of these 
can be stamped out from sheet metal, folded 
and then welded so that they retain the folded 
shape, providing a simple and reliable way to 
manufacture apparently complicated materi- 
als. The work’ analyses the precise geometric 
conditions required for these constructions, 
putting them on a solid mathematical basis. It 
also pays attention to practical issues, such as 
the thickness of the sheet being folded. 

The potential of these simple but ingenious 
ideas is huge. Complex three-dimensional 
forms could arise from flat, stamped sheets 
of ‘shape memory’ materials merely by heat- 
ing them. They could also be made from flat 
sheets of rubber and inflated, a usefully revers- 
ible construction technique. Honeycomb cores 
are common in the aerospace industry for their 
rigidity and lightness, and any new, simple 
manufacturing process is likely to prove valu- 
able. Origami structures, being lightweight and 
compact, are ‘green’: they can easily be recycled, 
and even if they’re not, the amount of rubbish 
they create is reduced. 

Nojima ends with a look to the future. He 
envisages the creation of a new discipline, 
which I am tempted to name ‘origamics: This 
would be a combination of engineering, math- 
ematics and biology, and could lead to sig- 
nificant progress in a variety of fields. Nojima 
himself cites “plastic buckling, biomimetic 
robotic modelings, movable origami mod- 
eling for education or edutainment... [and] 
new interpretations of bionic mechanics.” He 
could well be right. a 
lan Stewart is at the Warwick Mathematics 
Institute, Zeeman Building, University of 
Warwick, Coventry CV4 7AL, UK. 
e-mail: i.n.stewart@warwick.ac.uk 


1. Nojima, T. http://impact.kuaero.kyoto-u.ac.jp/pdf/ 
Origami.pdf 

2. VIP Symp. Internet Related Res. Tokyo, 2007 
http://internetconferences.net/ipsi/conference. 
php?conf=52&past=1 

3. Bern, M. & Hayes, B. Proc. 7th ACM-SIAM Symp. Discrete 
Algorithms 175-183 (SIAM, Philadephia, PA, 1996). 


419 


T. NOJIMA 


T. NOJIMA 


NEWS & VIEWS 


NATURE|Vol 448|26 July 2007 


DEVELOPMENTAL BIOLOGY 


Aten per cent solution 


John Reinitz 


In early embryos, a concentration gradient of the Bicoid protein affects 
pattern formation. Studies of living embryos reveal a surprising level of 
accuracy in the Bicoid gradient. But is it accurate enough? 


A central idea in developmental biology is 
Lewis Wolpert’s theory of positional infor- 
mation’. This states that a substance present 
in a concentration gradient induces different 
developmental fates in cells when present at 
different concentrations. The first such mor- 
phogenetic gradient to be identified was that of 
the gene transcription factor Bicoid in embryos 
of the fruitfly Drosophila melanogaster. This 
protein is distributed with an exponential pro- 
file, with its concentration decreasing towards 
the posterior pole of the embryo. Although the 
importance of the Bicoid gradient in specify- 
ing cellular fates was established, quantitative 
puzzles remained. These problems have now 
been largely solved by Gregor and colleagues*” 
in two papers in Cell. 

A previous study® had shown that the Bicoid 
concentration gradient varied far more widely 
between embryos than did the expression of the 
hunchback (hb) gene, which is used as a readout 
of the effect of Bicoid concentration. This and 
other studies, however, were performed in fixed 
tissue, where it is impossible to determine abso- 
lute protein concentrations or to follow changes 
in gene expression over time. 

Gregor et al." tagged Bicoid with enhanced 
green fluorescent protein (eGFP), which 
allowed them to directly observe its gradient 
in live embryos. For this, the authors con- 
structed a genetic line of fruitflies in which the 
bicoid gene (bcd) was replaced by a functional 
bcd-egfp fusion gene. They then monitored the 
gene's protein product by time-lapse micros- 
copy during the blastoderm stage of early 
embryonic development. 

In early Drosophila development, the embryo 
is a syncytium — it consists of a mass of cyto- 
plasm, with nuclei that are not separated by 
cell membranes. The nuclei undergo a series of 
13 rapid divisions, with the blastoderm form- 
ing at about division 10. The authors found that 
it is at division 9 — before blastoderm forma- 
tion — that Bicoid—eGFP is first detected. As it 
is a DNA-binding protein, Bicoid is localized in 
the nucleus. But as nuclei lose their envelopes 
during each division, internally stored Bicoid 
is released into the cytoplasm. 

Gregor and colleagues show that there is a 
remarkable constancy in nuclear Bicoid con- 
centration between nuclear divisions, with 
peak concentrations varying by less than 10% 
at any given anterior-posterior position within 
the embryo. Evolution has thus provided a 
startlingly precise mechanism for preserving 
positional information in nuclei, in the face of 
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repeated dissolutions and restorations of their 
membranes. 

The authors also found that a photo-bleached 
nucleus regains its fluorescence within a few 
minutes, indicating that nuclear Bicoid is in 
tight equilibrium with its cytoplasmic pool. 
They established a simple model of diffusion- 
limited active transport and used it to predict 
the value of a diffusion constant for Bicoid in 
the cytoplasm. In observing the recovery of 
fluorescence in the photo-bleached region of 
the cytoplasm, they confirmed this prediction. 

The Bicoid gradient was thought to be excep- 
tional in terms of regulating early patterns of 
Drosophila gene expression because its distri- 
bution can be determined using a diffusion 
equation that assumes there is a constant source 
of Bicoid at the anterior pole and first-order 
decay of diffusing Bicoid’*. But Gregor and col- 
leagues’ results introduce serious complications 
in this picture. 

The authors found that the Bicoid gradi- 
ent reaches a steady state in 90 minutes. This 
implies, using the diffusion equation, that the 
diffusion coefficient is more than 2 um? per 
second; however, photo-bleaching experi- 
ments indicate a value of only 0.35 um’ per 
second. It may be that diffusivity varies on 
different timescales, or perhaps is affected by 
the nuclei themselves. Although the authors 
provide some evidence for the second possi- 
bility by observing that the Bicoid gradient is 
altered in unfertilized eggs, a true solution to 
this problem must await further experiments. 

In their second paper, Gregor et al.” investi- 
gate just how precise the readout of the Bicoid 
effect can be. They find that, by the end of the 
blastoderm stage, certain gene-expression 
patterns are specified to a resolution of one 
nucleus, which corresponds to a 10% differ- 
ence in Bicoid concentration between adjacent 
nuclei. Can such small differences be perceived 
by the embryo? 

To be detected by the cell, Bicoid molecules 
must diffuse to a cellular receptor. The theory 
of this diffusive process was worked out for 
bacterial chemotaxis — movement along a 
chemical concentration gradient — many years 
ago’, when it was established that the limit of 
detection depends on the square root of the 
product of the signalling-molecule concen- 
tration, its diffusivity, the size of the receptor, 
and the time period over which the concen- 
tration is averaged. This relation is completely 
general in physical details, as long as the pro- 
cesses involved do not dissipate energy. Thus, 
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Protein concentration 


Anterior—posterior position 


Figure 1| The role of Bicoid in dictating levels 

of gene expression during development. 

a, A Drosophila embryo at the blastoderm stage 

of development stained with a fluorescently 
tagged antibody to Bicoid. b, The same embryo 
stained with a fluorescently tagged antibody to 
the Hunchback protein, the expression of which is 
determined by the Bicoid gradient. c, Gregor 

et al.** found that the range of positions of 
threshold concentrations of Bicoid (x,,;) was twice 
that of the border of hunchback gene expression 
(x,»). The mean Bicoid pattern in a population 
(red solid line) is an average of the range of Bicoid 
levels in the population (dashed red lines). The 
mean expression profile of the hunchback gene 
(solid blue line) differs from its upper and lower 
limits of expression in the population (dashed blue 
lines) accordingly. (a and b are from ref. 10.) 


the accuracy of detection rises with the square 
root of the number of molecules sensed. 

To apply this formula, Gregor et al. mea- 
sured the absolute concentration of Bicoid by 
placing embryos expressing Bicoid-eGFP in 
a bath containing GFP at a known concentra- 
tion, thus assigning an absolute concentration 
scale to their measurements. They found that 
the nuclear concentration of Bicoid was about 
8 nanomolar in the centre of the embryo, which 
amounts to about 700 molecules per nucleus. In 
this region of the embryo, Bicoid must be aver- 
aged over a period of about 2 hours for a 10% 
difference in concentration to be detectable. 
The actual timescale is much shorter because 
boundaries of gene-expression domains form 
over a period of 7 minutes. These timescales 
imply a Bicoid discrimination threshold of 
20-40% in neighbouring nuclei. 

Embryo-to-embryo variations in gene 
expression also provide information on the 
actual discrimination threshold. The anoma- 
lous positional accuracy described in earlier 
work’ had two main components. First, when 
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measured as a percentage of egg length, the 
range in position of Bicoid concentration 
thresholds for activation of the expression 
of the hunchback gene (x,,.,) was found to be 
six times that for the hb border it nominally 
controls (x;,). Moreover, x, correlated with 
embryo size, whereas x,,, did not, raising the 
question of how the Hunchback border scales 
with the size of the egg. 

Gregor et al. present in vivo data from 15 live 
embryos imaged side by side. These data indi- 
cate that, based on absolute distance — rather 
than percentage of egg length — the range in 
Xpeq is about twice that of x, (Fig. 1). I think 
these results indicate that the anomalous posi- 
tional-accuracy problem still exists, but that 
the anomaly is smaller than was thought. The 
small range of x,,,in absolute distance units 
may mean that the apparently different scaling 
properties of x,.,and x, were a fixation arte- 
fact, a point that has serious implications for 
theoreticians. 

Gregor and colleagues argue that a 10% 
change in Bicoid concentration is detectable 


and that the Bicoid gradient is sufficiently 
accurate to be used for specifying the position 
of the border of hb expression in the anterior 
domain. To make this point, they marshal an 
intricate set of quantitative arguments that are 
ultimately unconvincing, because they are based 
on a picture in which Bicoid is the only input 
to hb expression. This assumption is demon- 
strably false. The mean position of x, is altered 
in embryos that have mutations in giant and 
other gap genes — genes involved in allocating 
domains in the insect embryo. Furthermore, the 
variance of x;,, is doubled when one chromo- 
some arm is removed’. Although such effects 
are much smaller than is seen for other gap 
genes, it is dangerous to ignore them in a study 
that aims to obtain a complete quantitative char- 
acterization of the control of hb expression. 
The most radical elements of the authors’ 
conclusions are not well supported. But there 
is no question that this work is a landmark 
that may prove to be as revolutionary as were 
the methods for imaging protein and RNA in 
fixed tissue that were developed 25 years ago. 


Moreover, these findings confirm that it is 
unlikely that either experimentalists or theor- 
eticians will run out of fascinating phenomena 
to investigate in the Drosophila embryo any 
time soon. | 
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INFLAMMATORY DISEASE 


Assault on the guardian 


Richard M. Ransohoff 


In multiple sclerosis, the immune system attacks ‘self' tissues. Ten years 
after the discovery of one target of this autoimmunity, work with mice 
identifies it as a guardian protein produced in response to inflammation. 


On page 474 of this issue, Ousman and her 
co-workers’ describe how autoimmunity to 
a protein known as aB-crystallin (CRYAB) 
can contribute to inflammatory injury of 
the central nervous system. They show that 
autoimmune attack on CRYAB does not 
directly cause tissue damage. Rather, it wors- 
ens the severity of damage by simultaneously 
eliminating two of the protein’s functions — its 
action as a restraining element for inflamma- 
tion, and its ability to inhibit programmed cell 
death of glial cells in the nervous system. 

The clinical context for this research is mul- 
tiple sclerosis (MS), an inflammatory disorder 
of the human central nervous system. This 
disease selectively targets myelin, the com- 
plex, lipid-rich membrane that enwraps some 
nerve axons. Its connection with CRYAB began 
with an experiment that challenged orthodoxy: 
in 1995, van Noort et al.’ reported CRYAB to 
be a predominant target of autoimmunity in 
MS. They discovered CRYAB’s significance by 
isolating myelin proteins from MS autopsy 
material, and determining these proteins’ 
ability to act as autoantigens in evoking a reac- 
tion from T cells. These are major players in 
the immune system, and both produce and are 
stimulated by cytokine messenger molecules. 

The group’s finding’ came as a surprise. 


During many years of research on autoimmune 
models of MS (known collectively as exp- 
erimental autoimmune encephalomyelitis, 
or EAE), investigators had identified several 
myelin proteins with encephalitogenic poten- 
tial. Encephalitogenicity implies that immu- 
nization with the protein, or with a peptide 
derived from it, could elicit an autoimmune 
reaction, characterized by inflammation, 
demyelination and weakness of the limbs. 
Known encephalitogenic agents included 
the principal proteins of myelin — myelin 
basic protein and myelin proteolipid protein — 
as well as minor components, such as myelin 
oligodendroglial glycoprotein (MOG). 

Van Noort and colleagues took the road 
“less traveled by” and focused on myelin 
from patients with MS. Previously, the usual 
assumption had been that any autoantigen 
present in myelin would be a constituent of 
the healthy tissue. CRYAB was distinctly an 
outlier, because it is expressed only at low 
levels in myelin derived from the non-diseased 
central nervous system’. It belongs to the 
family of small heat-shock proteins that are pro- 
duced by all cells in response to stress. CRYAB 
is also an oddity among heat-shock proteins, 
however, being expressed selectively in the eye 
lens, in skeletal and cardiac muscle, and in glial 
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cells, including oligodendrocytes (the cells that 
produce myelin) and astrocytes. 

It soon emerged that both MS patients and 
healthy individuals have a strong immune 
response to CRYAB*. As with previous can- 
didate MS antigens, it was assumed that 
clinically relevant autoimmune targets should 
themselves be encephalitogenic. Exasperat- 
ingly, however, attempts to demonstrate this 
property in rodents, the most widely used host 
species for EAE, were unsuccessful. One pro- 
posed explanation was that the immune system 
was ‘tolerized’ to Cryab by destruction, in the 
thymus, of T cells that recognize the protein’. 
This possibility was addressed in ingenious 
ways that involved using Cryab to immu- 
nize Cryab-deficient mice (Cryab~” mice)* to 
uncover an encephalitogenic portion of the 
Cryab molecule. However, these approaches, 
which had been successful in other systems’, 
failed to reveal an encephalitogen. 

Enter Ousman and colleagues’, who also 
took an unorthodox approach — studying 
Cryab’s functions by immunizing Cryab” 
mice to develop EAE using a peptide from 
MOG, a known encephalitogen. These mice 
developed disease at the expected frequency 
and time after immunization, but became 
noticeably sicker, and remained so for longer, 
than their normal counterparts. This observa- 
tion became the focal point for the authors’ 
subsequent studies. 

The actions of individual components in 
the EAE model usually occur either in the 
immune compartment (where autoimmunity 
or inflammation is made more or less severe), 
or in the central nervous system (where 
cells can be more or less susceptible to dying 
during the inflammatory process). Ousman 
et al. show that Cryab violates this dichotomy 
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by mediating both the immune and neural 
functions. On stimulation with the MOG 
peptide antigen, T cells from Cryab mice 
proliferated more and secreted higher levels 
of inflammatory cytokines than did those 
from EAE controls. Other immune cells, 
macrophages, were also hyper-reactive, pro- 
ducing high levels of cytokines after challenge 
with lipopolysaccharide, a well-characterized 
macrophage stimulant. In addition, increased 
numbers of glial cells underwent programmed. 
cell death in the inflamed central nervous sys- 
tem of Cryab" mice with EAE, extending 
in vitro studies® that suggested Cryab could 
protect these cells. 

Ousman et al. then went further. They looked 
at two cell-signalling pathways (NF-«B and 
MAP kinase) involved in inflammation, and 
found that alterations in these pathways in cells 
from Cryab“~ mice correlated not only with 
a heightened immune reaction, but also with 
the vulnerability of astrocytes to programmed. 
cell death. They also explored the clinical 
relevance of their findings by testing the 
cerebrospinal fluid of MS patients, and found 
CRYAB antibodies to be present. Finally, they 
injected Cryab protein into mice with EAE, 
and showed that it reduced disease. 

Overall, Ousman et al.' show that Cryab is 
produced early on in response to inflamma- 
tion associated with EAE (and possibly MS): 
the protein itself becomes an autoimmune 
target, its destruction exacerbating inflam- 
matory damage but not directly causing 
demyelination. In humans, the disease cas- 
cade presumably begins with generation of 
autoreactivity to unknown primary encepha- 
litogens. This is followed by upregulation 
of CRYAB production as part of the stress 
response, followed in some patients by the 
onset of autoimmunity to CRYAB and accel- 
eration of the disease process. 

There are several provocative leads for fur- 
ther research. It seems’ that autoimmunity to 
CRYAB can be detected early in the course of 
MS, and an obvious step is to find out whether 
strategies to restore tolerance can be devised". 
It is also of interest that infection with Epstein- 
Barr virus, the agent most strongly associated 
with MS in epidemiological studies, upregu- 
lates CRYAB expression in certain immune 
cells''. Finally, polymorphisms in the promoter 
genes encoding CRYAB may influence disease 
severity’’, and a suspected mediator of damage 
in MS, known as MMP9/gelatinase B, can use 
CRYAB asa substrate’’ — offering yet another 
way in which inflammation could reduce the 
protein's availability. a 
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QUANTUM COMPUTING 


Powered by symmetry 


Johannes Hecker Denschlag 


Forces determine how particles move and behave. But so can symmetry, 
and exchange symmetry can be used to control the interactions of ultracold 
atoms. This could be a big step towards practical quantum computation. 


Quantum computers promise to solve prob- 
lems that cannot be tackled by conventional 
computers’. But they make high demands on 
the machinery from which they are built. The 
physical entities storing quantum bits — the 
smallest units of quantum information — 
must be controlled and coupled to each other 
with great precision. On page 452 of this issue, 
Anderlini et al.” present a very general method, 
based on a quantum-mechanical phenomenon 
known as exchange symmetry”, that allows 
this degree of precision manipulation in 
controlled collisions of neutral atoms. 
Arrays of trapped ultracold atoms are 
promising candidates for storing quantum infor- 
mation because of their weak, random coupling 
to the external world. During a controlled col- 
lision, the interaction between two cold atoms 
each carrying a bit of quantum information 


Antisymmetric 


Relative distance 


Symmetric 


Relative distance 


Figure 1| Never the twain shall meet. An 
antisymmetric spatial wavefunction of two 
atoms held in a harmonic potential similar to 
the microscopic traps used by Anderlini et al.’ 
vanishes at zero distance between the two atoms. 
Asa result, atoms in an antisymmetric state can 
never be found in the same place. A symmetric 
wavefunction, by contrast, favours atoms being 
at the same place. By controlling the symmetry 
state of atoms, one can therefore control their 
interactions. 
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can be used to process that information®”’. 
But this scheme only works if the interaction 
between the atoms depends on the specific 
state of their quantum bits, and finding an 
appropriate atomic system is no trivial matter. 

One option is to exploit symmetry. Sym- 
metry is a fundamental concept throughout 
physics, and is the basis for all conservation 
laws. Angular momentum, for example, is 
conserved in isotropic (that is, rotation- 
ally symmetric) environments. Another type 
of symmetry is based on the idea that no 
measurable quantity should change after the 
exchange of identical particles. This exchange 
symmetry classifies particles into two groups: 
fermions, described mathematically by an over- 
all antisymmetric wavefunction, and bosons, 
with an overall symmetric wavefunction. The 
antisymmetry of the fermionic wavefunction 
leads directly to the famous Pauli exclusion 
principle, which forbids two or more particles 
from occupying the same quantum state. 

Anderlini et al.’ find a way to make use of a 
similar symmetry-based constraint. They work 
with bosonic rubidium atoms, *’Rb, that havea 
symmetric total wavefunction. This wavefunc- 
tion has two components: a spin component 
describing the internal state of the atoms, and 
a spatial component describing their locations. 
Because of the fixed exchange symmetry of 
the total wavefunction, the symmetries of the 
spin and spatial wavefunctions are precisely 
related: if the spin wavefunction for *’Rb atoms 
is symmetric, then the spatial wavefunction 
is also symmetric, and vice versa. Crucially, 
antisymmetric spatial wavefunctions hinder 
particles from getting close to each other, 
whereas symmetric spatial wavefunctions 
favour it (Fig. 1). Because the atoms interact 
effectively only when they come into contact, 
particles in symmetric spatial states interact 
with each other, whereas particles in antisym- 
metric spatial states do not. 

Anderlini et al. stored quantum information 
in the atoms’ spin wavefunction, such that the 
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stored bits determined its symmetry character 
— symmetric, antisymmetric or a superposi- 
tion of both. The spin wavefunction also con- 
trolled the spatial wavefunction through the 
direct link between their symmetries, and so 
determined the collisional properties. Thus, 
the state of the quantum bits controlled the 
atoms’ interactions. 

To prepare, manipulate and detect the 
atomic states, Anderlini et al.” used a sophisti- 
cated technology developed by them and other 
groups in recent years. A large number (about 
10,000) of isolated pairs of atoms are held in 
microscopic optical traps formed by interfer- 
ing laser beams. The atoms in any given pair 
can be held separately, or brought together to 
interact. 

The authors also developed a procedure to 
map out the quantum-bit content of each atom 
of a pair. By carefully switching off the opti- 
cal trap, and with the help of magnetic-field 
gradients, the atoms can be distributed in space 
according to their quantum state. Projections 
of the quantum bits can then be read from a 
photographic image of this atomic distribu- 
tion. The authors obtained a strong signal by 
simultaneously probing all of the pairs in the 
atomic ensemble, whose quantum states had 
undergone an identical evolution in parallel. 
By taking repeated measurements at different 
time intervals, they were able to map out this 
evolution. 

In the first experiment with their system, 
Anderlini et al. tested an exchange of quan- 
tum information between two atoms. For 
this ‘SWAP’ operation, two atoms are initially 
held at separate sites and their individual 
quantum-bit states are set to 1 and 0 using 
radio-frequency radiation. The sites are then 
merged slowly enough that the two atoms 
end up in different trap states, but quickly 
enough that the wavefunction of the atoms is 
in a quantum superposition of the symmetric 
and antisymmetric states. These two states 
have different energies, so a quantum oscilla- 
tion takes place in which the bit information is 
repeatedly exchanged between the atoms. To 
move from a SWAP operation to real quantum- 
computational operation is not, in principle, a 
big leap. By letting the atoms interact for only 
half of the time needed for a SWAP, one creates 
a quantum-mechanical correlation, known as 
entanglement, which is the basis for quantum 
computation. 

There are many systems other than cold, 
colliding atoms that can make use of exchange 
symmetry for quantum computation: for 
example, coupled electron spins in a solid-state 
double quantum dot**. Here, again, antisym- 
metric and symmetric wavefunctions lead to 
different effective interactions between the 
electrons. Equally, when two identical light 
particles, photons, arrive from different 
directions at a beamsplitter — a partially 
reflecting mirror at which an impinging 
photon can be either transmitted or reflected 
— they always end up travelling together as if 


strongly attracted to one another. The photons 
respond to each other not because of interaction 
forces, but because of their symmetry of state. 
This effect, first described in 1987 by Hong, Ou 
and Mandel’, is now used in experiments on 
photon-based quantum computation”. 

What are the advantages of symmetry-based 
computation for atoms? Other schemes not 
involving exchange symmetry could do the 
job. But as Anderlini et al.” point out, these 
schemes place a number of requirements on 
the atoms that are more stringent than those of 
the exchange-symmetry scheme. Furthermore, 
these state-dependent schemes are more likely 
to suffer decoherence — loss of quantum infor- 
mation — through state-dependent coupling 
to the environment. In general, exchange-sym- 
metry schemes should be less susceptible to the 
noise that plagues highly precise apparatus. 

So, how far are we from a working quantum 
computer? A long way: there are still various 
issues to resolve, including efficiency, fidelity, 
decoherence and scalability. But scientists all 
over the world are closing in on this goal from 
many different directions. New ideas such as 


making use of fundamental symmetries could 
ultimately provide new lines of attack. In view 
of all of the recent work in the field of quantum 
computation, we are perhaps experiencing a 
‘paradigm shift’ for controlling the quantum- 
bit interactions, from schemes controlled by 
forces to schemes driven by symmetries. 
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IMMUNOLOGY 


Sensing the enemy within 


Hongbo Chi and Richard A. Flavell 


Damaged or foreign DNA stimulates immune responses by inducing 
the production of interferon proteins. New evidence indicates that this 
response is mediated by a cytosolic DNA sensor knownas DAI. 


On infection by a pathogen, the immune 
system rapidly mounts defence mechanisms, 
characterized by massive production of inter- 
feron proteins and other cytokines (immune 
mediators). This reaction, known as the innate 
immune response, is mediated by pattern- 
recognition receptors that detect conserved 
structures found in a broad range of pathogens. 
The best-studied receptors of this type are Toll- 
like receptors (TLRs) — a class of membrane 
receptor that senses microbes either in the 
extracellular space or intracellular compart- 
ments’. So how do host cells fight pathogens 
that have entered their cytosol? Intracellular 
sensors that can detect microbial products, 
including viral RNA and bacterial cell- 
wall components, in the cytosol have been 
identified’. Now, Takaoka et al.” report on 
page 501 of this issue the identification of 
another cytosolic factor called DAI (also 
known as DLM-1 or ZBP1) as a DNA sensor. 
Although host nucleic acids are normally 
sequestered in the nucleus and are therefore 
safe from recognition by cellular receptors, 
the immunostimulatory activity of DNA and 
RNA has long been recognized. In 1963, two 
groups” — including one led by the discov- 
erer of interferon, Alick Isaacs — reported 
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that DNA and RNA derived from pathogens 
or host cells can activate interferon production 
in chicken and mouse fibroblast cells. But the 
cellular receptors for nucleic acids remained 
unknown for almost four decades. 

In the early 2000s, specific TLRs that detect 
immunostimulatory nucleic acids during infec- 
tion or tissue damage were identified’. For 
example, TLR9 recognizes DNA sequences 
that contain specific motifs known as unmeth- 
ylated CpG dinucleotides, features common 
to microbial, but not mammalian, DNA. In 
addition, TLR3 and TLR7/TLR8 sense double- 
stranded RNA (dsRNA) and single-stranded 
RNA (ssRNA), respectively’. Engagement of 
TLRs initiates a molecular signalling cascade 
that leads to the activation of essential gene 
transcription factors, including interferon- 
regulated factors (IRFs) and NF-«B. This cas- 
cade ultimately leads to the production of type I 
interferon (interferon-a and -$) and proinflam- 
matory cytokines to fight infectious organisms’ 
(Fig. 1, overleaf). 

Despite the importance of TLRs in recog- 
nizing nucleic acids, alternative receptors 
must exist. This is because nucleic-acid- 
specific TLRs are localized in intracellular 
compartments such as endosomes, which 
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means that they cannot bind to 
pathogen-released nucleic acids 
in the cytosol. Moreover, these 
TLRs are expressed in only a sub- 
set of cells, whereas almost all 
nucleated cells can activate type I 
interferon in response to viral 
infection’. Thus, the interferon- 
associated response first described 
in fibroblasts in 1963 is unlikely to 
be mediated by TLRs. 

The enzymes RIG-I and MDA5 
have been shown’” to recognize 
viral RNA (specifically, dsRNA 
and 5’-triphosphate ssRNA) in 
the cytosol, promoting the produc- 
tion of type I interferon and innate 
immune responses. On binding to 
their ligands, these cytosolic RNA 
sensors signal through a set of 
adaptor molecules. These are dis- 
tinct from those that mediate TLR 
signalling, although both pathways 
converge on IRFs and NF-«B for 
the production of interferon and 
other cytokines'” (Fig. 1). 

Does a pathway analogous to 
that of RIG-I/MDAS5 that medi- 
ates an innate immune response 
to DNA exist in the cytosol? 
Accumulating evidence indicates 
that this is the case. The DNA of 
herpes simplex virus type 1 elicits 
the production of type I interferon through 
both TLR9-dependent and TLR9-independ- 
ent pathways’. Similarly, during infection 
with the intracellular bacterium Listeria mono- 
cytogenes, cytosolic DNA stimulates interferon 
production independently of TLRs’. Sensing 
of cytosolic DNA does not require RIG-I or 
MDAS (ref. 8), indicating that some other 
factor must be involved. 

Takaoka et al.” now show DAI to bea 
cytosolic DNA sensor that activates the innate 
immune response. They became interested in 
DAI when they found that expression of the 
gene encoding this protein is greatly increased 
after treatment with interferon-B, and because 
previous reports’”” had suggested that DAI can 
bind to DNA, especially DNA of an unusual 
configuration known as Z-DNA. 

To test whether DAT is a cytosolic DNA sen- 
sor, the authors overexpressed it in cell lines 
and found that, after stimulation with cytosolic 
DNA, the production of type I interferon in 
these cells was notably enhanced. In cells lack- 
ing IRF3 or IRF7, DAI overexpression did not 
affect interferon production, indicating that 
DAI requires both of these factors for inter- 
feron production. The authors confirmed their 
findings using small interfering RNA (siRNA) 
to reduce DAI expression. This treatment 
decreased interferon production and led to 
increased sensitivity to infection with viruses 
that have DNA as their genetic material, but 
not those with RNA. The team also found 
that DAI binds directly to DNA, although the 
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Figure 1| Recognition of DNA by DAI. Infectious pathogens (viruses and 
bacteria) are often internalized into host cells. There, an immune response 
is initiated by recognition of the genetic material of the pathogen — DNA 
or RNA. Takaoka, et al.” found that pathogenic double-stranded DNA 
(dsDNA), as well as DNA of damaged host cells released into the cytosol, 
is recognized by a cytosolic DNA sensor known as DAI. This protein binds 
to the DNA, possibly with the aid of an adaptor protein, triggering the 
activation of the gene transcription factors IRFs and NF-«B. These factors 
are also activated by other DNA sequences, as well as by dsRNA and ssRNA, 
through independent sensors. In all cases, expression of genes encoding 
interferon and other cytokines follows, leading to an immune response. 


involvement of other protein(s) in this inter- 
action remains unclear. Moreover, DAI was 
shown to interact physically with the TBK1 
enzyme and IRF3 in a DNA-dependent man- 
ner, suggesting that these two factors may be 
recruited to the DNA-DAI complex to facili- 
tate interferon production. 

Takaoka and colleagues’ conclude from 
these results that DAI is the first cytosolic 
DNA sensor, which is truly exciting. Their 
work also raises a number of interesting 
questions. First, is DAI the sole DNA sensor? 
Possibly not. In cells in which DAI was depleted 
with siRNA, interferon levels were reduced 
but not completely abolished after DNA 
stimulation. Moreover, DAI does not seem to 
stringently discriminate among different types 
of DNA, whereas previous work® suggested 
that cytosolic DNA sensor(s) have a strong 
preference for the usual configuration of DNA 
(B-DNA) rather than Z-DNA. A definitive 
answer to this question will come from detailed 
analysis of mice genetically deficient in DAI. 

Another question is which signalling path- 
way is activated by DAI. Specifically, does DAI 
use the same adaptor molecules and signal- 
ling intermediates as do RNA sensors such as 
RIG-I/MDAS5? The evidence so far favours this 
possibility, as both DAI and RIG-I/MDAS5 can 
associate with TBK1 and IRF3. Furthermore, an 
earlier study suggested that the putative DNA 
sensor(s) can signal through IPS-1 — an adap- 
tor molecule mediating RIG-I/MDAS signal- 
ling®. Future work should verify whether DAI 
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Immune response 


associates with and signals through 
IPS-1. 

As DAI can be activated by 
viral, bacterial and mammalian 
DNA, it poses a potential threat 
to the host, in that autoreactivity 
to host DNA could result in inter- 
feron-dependent autoimmunity. 
In mice deficient in the enzyme 
DNase II, genomic DNA cannot be 
degraded and therefore accumu- 
lates in the immune cells known as 
macrophages; this leads to TLR9- 
independent, interferon-mediated 
autoimmunity". Therefore, cells 
must have developed strategies to 
prevent the sensing of self DNA 
and thus accidental activation of 
the interferon pathway. Although 
J DAI would normally be excluded 
from the nucleus, where the host 
cell’s genomic DNA resides, during 
cell division the nuclear envelope is 
disrupted, potentially giving DAI 
access to the host DNA. Precisely 
how recognition of host DNA by 
DAI is inhibited awaits further 
investigation. One possibility is that 
the packaging of mammalian DNA 
into high-order complexes of DNA 
and histone proteins (chromatins) 
protects host DNA. 

The identification of DAI as 
a cytosolic DNA sensor suggests that DAI 
has a fundamental function in detecting 
both microbial products and danger signals 
such as damaged host DNA. Future studies 
on this sensor should lead to deeper mecha- 
nistic insights into how infection is control- 
led through effective detection of bacterial 
and viral DNA in the cytosol, and how tol- 
erance towards host DNA is maintained, 
preventing its abnormal recognition. a 
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OBITUARY 


Horst Tobias Witt (1922-2007) 


Seminal research on photosynthesis. 


During the second half of the twentieth 
century, great strides were made in revealing 
the molecular details of oxygen-generating 
photosynthesis, the basis of almost all life on 
Earth. Horst Witt was one of the prime movers 
behind this revolution in understanding. 

Witt was born in 1922 in Bremen, Germany. 
From his youth he was interested in physics, 
and while at school he won a prestigious 
prize for his high-risk, and literally explosive, 
experiments on supersonic airfoils. On the 
outbreak of the Second World War, he entered 
the Luftwaffe, but his scientific aptitude led to 
his early (and lucky) release to take up research 
at the University of Gottingen. He received his 
PhD in solid-state physics in 1950, and then 
moved to the Max Planck Institute of Physical 
Chemistry where — like several other brilliant 
young scientists, including Manfred Eigen — 
he began to explore the largely hidden beauties 
of the molecular life sciences. 

Witt chose oxygenic photosynthesis as 
his lifelong research topic. Inspired by the 
methods pioneered by George Porter and 
Ronald Norrish, he embarked on work with 
the technique of flash spectrophotometry. 
Using algae, in 1955 he discovered reactions 
of chlorophylls, carotenoids and cytochromes 
that occurred in microseconds. By 1961, his 
work, along with the independent discoveries 
of Lou Duysens and of Bessel Kok, led toa 
scheme with two photochemical reaction 
centres in series. At photosystem II, electrons 
are removed from water, generating a 
strong oxidant, oxygen. At photosystem I, 
the electrons are used to produce a strong 
reductant, NADPH (and thence sugars). 

The energy difference between the strong 
oxidant and the strong reductant powers 
all oxygen-based life. 

At that time the two Nobel laureates in 
the field, biochemist Otto Warburg and 
spectroscopist James Frank, were fighting 
their famous battles from ensconced positions. 
When confronted with Witt’s detailed reaction 
scheme in 1962, Warburg mused: “Could 
you tell us how the chemical mechanism 
of photosynthesis can be described on the 
basis of your spectroscopic observations?” 
Witt countered with a well-aimed jibe at 
his eminent critic, the pioneer of oxygen 
detection, by observing that “it would be 
difficult to deduce the mechanism ofa 
combustion engine based only on sniffing the 
exhaust”. 

In 1962, Witt moved to the Technical 
University of Berlin, where he moulded the 
Max-Volmer-Institute for Physical Chemistry 
into an internationally renowned laboratory 
for biophysical studies of photosynthesis. The 


scope of research ranged from light absorption 


and energy transfer to the production of redox 
equivalents and the synthesis of ATP, the 
general-purpose fuel of life. His daring ideas, 
and above all his extraordinary perseverance, 
attracted a stream of ambitious and able young 
scientists to work under him. 

During the ensuing years, this team of 
investigators marked off milestones in 
photosynthesis research. They found that 
excess light energy is disposed of harmlessly 
as heat through protective carotenoids. 

They discovered that the reactive pigment of 
photosystem II is chlorophyll a: its cationic 
form extracts electrons from the active site of 
water oxidation, with kinetics that depends on 
the electrostatics of charge accumulation. And 
they identified plastoquinone as an electron 
acceptor in photosystem II, where it functions 
as a one-to-two electron gate and as a mobile 
carrier between the two photosystems. 

A further success was the use of 
electrochromic absorption transients from 
intrinsic photosynthetic pigments. These 
behave as ultra-rapid ‘molecular voltmeters’ 
to show that the primary electron-transfer 
reactions in both photosystems generate 
transmembrane voltage, and are thus 
directed across the photosynthetic coupling 
membrane. These vectorial reactions, 
together with associated proton uptake and 
release at opposite sides of the membrane, as 
hypothesized earlier by Peter Mitchell, were 
shown to generate the proton-motive force 
required for the synthesis of ATP. 

But it was the mechanism of water 
oxidation that remained Witt’s career- 
long preoccupation, his spréde Geliebte 
(prudish beloved). The manganese cluster 
in photosystem II is charged up with four 
oxidizing equivalents before it reacts with 
two water molecules, releasing dioxygen. 

Witt and his co-workers contributed 

valuable information on many aspects of the 
mechanism, including the valence changes of 
manganese, associated electrostatic changes 
and effects of extrinsic reductants. Despite 
these and other contributions from many 
laboratories around the world, understanding 
the detailed mechanism has remained a major 
challenge. 

Witt’s early attempts to crystallize 
photosystem II were fruitless, and it seemed 
that the game would be lost to others. 
However, crystals of photosystem I proved 
to be an initial consolation. With colleagues, 
including his wife Ingrid, Witt fine-tuned 
the crystallization procedure, and in 1993 
produced crystals of photosystem I diffracting 
to 6 A. The resolution was gradually improved 
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to 2.5 A, revealing a beautiful trimeric 
structure with multiple subunits, diverse 
electron-transfer cofactors, about 

100 chlorophyll molecules and many 
carotenoids, all in three-dimensional glory. 

In 2001, together with a team led by 
Wolfram Saenger, also working in Berlin, 
Witt and his colleagues finally succeeded in 
crystallizing and analysing photosystem II, 
with a resolution of 3.8 A. This structure 
was followed by the first refined model from 
James Barber's group, and then by the Berlin 
groups further model based on slightly 
higher resolution. A full understanding of 
how photosystem II works remains one of the 
greatest challenges in biology. 

Witt received numerous awards and 
honours, and more than 200 publications 
carry his name. His co-workers and former 
students, many of whom remained hooked 
on photosynthesis research, were fascinated 
by his seemingly permanent youth. 

Indeed, instead of growing into a father to 
his scientific offspring, he remained the 
ambitious elder brother — with its mix of 
fraught fraternal relations from time to time, 
but with spark, fun and high productivity 
when it came to science. 

To those outside the inner circle, Horst 
Witt was a legendary figure from the early 
days of photosynthesis research. He hada 
tendency to divide members of the field into 
those of whom he approved (with whom he 
was open and charming, and relished robust 
argument) and those he did not: he could be 
intimidating. He was nevertheless universally 
respected for his sharp intellect and single- 
minded drive. Witt, who died on 14 May, 
leaves an unmatched legacy for those many 
scientists grappling with the intricacies of 
photosynthesis. 
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Unravelling the pathogenesis of 
inflammatory bowel disease 


R. J. Xavier’? & D. K. Podolsky’ 


Recently, substantial advances in the understanding of the molecular pathogenesis of inflammatory bowel disease (IBD) 
have been made owing to three related lines of investigation. First, IBD has been found to be the most tractable of 
complex disorders for discovering susceptibility genes, and these have shown the importance of epithelial barrier function, 
and innate and adaptive immunity in disease pathogenesis. Second, efforts directed towards the identification of 
environmental factors implicate commensal bacteria (or their products), rather than conventional pathogens, as drivers of 
dysregulated immunity and IBD. Third, murine models, which exhibit many of the features of ulcerative colitis and seem 


to be bacteria-driven, have helped unravel the pathogenesis/mucosal immunopathology of IBD. 


he major forms of idiopathic IBD, ulcerative colitis and 

Crohn’s disease are chronic inflammatory disorders of the 

gastrointestinal tract that have been empirically defined by 

clinical, pathological, endoscopic and radiological features’. 
The onset of IBD typically occurs in the second and third decades of 
life and a majority of affected individuals progress to relapsing 
and chronic disease. Family aggregation has long been recognized. 
First-degree relatives of affected individuals have a relative risk of 
fivefold or greater. The inheritable component seems stronger in 
Crohn’s disease than in ulcerative colitis*’. It is of interest that in 
several countries with historically low rates of IBD, a pattern of rising 
incidence in the past one to two decades, particularly for Crohn’s 
disease, has occurred, suggesting that environmental factors are also 
involved. 

Key features of ulcerative colitis include diffuse mucosal inflam- 
mation that extends proximally from the rectum to a varying degree. 
In conjunction with severe inflammation and the coincident produc- 
tion of a complex mixture of inflammatory mediators, extensive 
superficial mucosal ulceration develops. Histopathological features 
include the presence of a significant number of neutrophils within 
the lamina propria and the crypts, where they form micro-abscesses 
(Fig. 1). Depletion of goblet cell mucin is also common. Crohn’s 
disease is characterized by aggregation of macrophages that fre- 
quently form non-caseating granulomas (Fig. 1). Although any site 
of the gastrointestinal tract may be affected, involvement of the ter- 
minal ileum is most common and the earliest mucosal lesions in 
Crohn’s disease often appear over Peyer’s patches. Unlike ulcerative 
colitis, Crohn’s disease may be patchy and segmental, and inflam- 
mation typically transmural. 


IBD genetics 

Genome-wide searches for IBD susceptibility loci performed in the 
last few years have been highly successful in identifying genes that 
contribute to disease susceptibility. In initial screening efforts, two 
groups identified NOD2 (also designated CARDI5 and IBD1) as a 
susceptibility gene in Crohn’s disease, using positional cloning and 
candidate gene approaches*”. Since then, several additional suscept- 
ibility loci have been implicated in inflammatory bowel disease and 
confirmed by replication: IBD5, IL23R and ATGI6L1 (refs 6-14). 


(See Fig. 2 for the full list of genes validated in multiple studies as 
well as those genes that require additional confirmation). The genetic 
variants that have been found to confer Crohn’s disease risk point to 
the importance of innate immunity, autophagy and phagocytosis in 
Crohn’s disease pathogenesis. In particular, a number of genes assoc- 
iated with Crohn’s disease (IL23R, PTPN2) are also associated with 
other autoimmune disorders, suggesting that a subset of Crohn’s 
disease patients share common triggers with these conditions. In 
addition, multiple disease-associated intergenic segments have been 
identified and replicated in genome-wide association studies. These 
intergenic regions implicate new genes and pathways—possibly 
including genes that are expressed within these regions and others 
that are remotely regulated to modify the disease phenotype. Further 
understanding of regulatory elements within non-coding genomic 
regions and gene-gene interactions will lead to a better understand- 
ing of the underlying mechanisms that cause disease. Despite early 
linkage analysis suggesting an important contribution of the MHC 
complex to IBD susceptibility, in contrast to rheumatoid arthritis 


Crohn’s disease 


Ulcerative colitis 


Granuloma Crypt abscess 


Figure 1| Histologic hallmarks of IBD: clues to immunopathogenesis. Left 
panel, Crohn’s disease—biopsy from a terminal ileum with active disease. 
The figure illustrates a discrete granuloma composed of compact 
macrophages, giant cells and epithelioid cells. Surrounding the nodule there 
is marked infiltration of lymphoid cells, plasma cells and other inflammatory 
cells, but there is no necrosis. Right panel, Ulcerative colitis—colonic 
mucosal biopsy taken from a patient with active disease. The crypt abscess is 
composed of transmigrated neutrophils and the surrounding epithelium 
exhibits features of acute mucosal injury. 


'Gastrointestinal Unit and Center for the Study of Inflammatory Bowel Disease, and *Center for Computational and Integrative Biology Massachusetts General Hospital, Harvard 


Medical School, Boston, Massachusetts 02114, USA. 


427 


©2007 Nature Publishing Group 


REVIEWS 


and multiple sclerosis, identification of precise genes within the 
MHC region that confer susceptibility has been problematic. 
Individual risk genes are discussed below within the context of a 
consideration of pathophysiologic mechanisms. 


Microbes control development of IBD in a susceptible host 


Accumulating evidence suggests that the dynamic balance between 
microbes, particularly commensal flora, and host defensive responses 
at the mucosal frontier has a pivotal role in the initiation and patho- 
genesis of chronic IBD. Circumstantial evidence for this inference is 
provided by the observed therapeutic benefits of antibiotic treatment 
in, at least, subsets of IBD patient and recent findings suggesting 
that so-called ‘healthy bacteria’ or probiotic combinations can 
ameliorate IBD'*'®. In addition, the enteric flora of IBD patients 
has been found more commonly than in control patient groups'”"* 
to include strains of Escherichia coli that are able to adhere to the 
epithelium, and with low frequency effect epithelial invasion. The 
importance of the flora is more directly supported by studies in a 
variety of murine strains in which ‘spontaneous’ chronic colitis seems 
to be entirely dependent on the presence of a luminal flora. Thus, 
colitis is not observed when any of several of these lines are main- 
tained in a gnotobiotic state, but rapidly emerges when they are 
reconstituted with bacteria that are considered normal constituents 
of luminal flora’’”°. In some instances, it has been possible to induce 
colitis in a susceptible murine strain with a single species of normal 
bacteria, for example, Bacteroides vulgatus in the I110-deficient 
mouse”'. These studies provide compelling evidence that the nature 
of the host defenses, rather than the biological properties of a luminal 
bacterial species per se, may determine the functional outcome of that 
interaction. 

Unfortunately, our understanding of the microbial flora itself 
is quite incomplete’. Insights into the microbial—-host inter- 
relationships are hampered by both the limited knowledge of the 
diversity and complexity of the microbial flora and the limitation 
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Figure 2 | Patterns of IBD etiopathogenesis. Intestinal inflammation in 
IBD results from alteration in the interaction between resident microbes and 
the mucosa. This can result from the influence of environmental factors and/ 
or host factors, which vary depending on genetic inheritance at several 
susceptibility loci. Genetic factors discovered to date affect barrier function, 
and innate and adaptive immunity. Replicated Crohn’s disease loci and 
Crohn’s disease loci that require additional replication are listed below. 
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of available tools to delineate these characteristics. Metagenomic and 
computational analysis of the so-called microbiome may provide a 
foundation to achieve an understanding of the relevant, functional 
diversity of the flora in the context of IBD. Understanding the dis- 
tribution, dynamics and responses to microbial flora in these disease 
states will probably provide insight into the regional distribution of 
disease. 


Barrier and mucosal homeostasis 


Defending the integrity of the mucosal frontier as a barrier is as 
essential a function of the mucosa as nutrient and fluid absorption 
and secretion. The importance of the epithelial barrier in disease 
predisposition is supported by the finding of abnormal intestinal 
permeability in some first-degree relatives with Crohn’s disease***®. 
Barrier function is provided by anatomical features that physically 
impede penetration of macromolecules and intact bacteria. Many 
molecular details of the pre-epithelial barrier and structure of the 
epithelial tight junctions that comprise this physical barrier have 
been defined. The junctions are dynamically regulated in response 
to cytokines tumour necrosis factor (TNF)-o, interleukin (IL)-17, 
interferon-y, chemokines and the underlying immune cell network. 

Expression analysis in human IBD biopsies has demonstrated 
downregulation of junctional complexes (E-cadherin and B- 
catenin), although the mechanisms involved are unknown”. A recent 
genome-wide association study reported that 5p13.1, a Crohn’s dis- 
ease locus contained within a 1.25-Mb gene desert, is associated with 
disease susceptibility and the associated alleles correlated with quant- 
itative expression of the prostaglandin receptor EP4 (also known as 
PTGER4)?’. EP4 is expressed in intestinal epithelial cells and regulates 
epithelial barrier function; interestingly, EP4 knockout mice are sus- 
ceptible to dextran sodium sulphate colitis** (Table 1). 

The epithelium is in constant communication with luminal flora 
and the underlying dense network of innate and adaptive immune 
cells. Intestinal epithelial cells express Toll-like receptors (TLRs), 
NODI1 and 2, and receptors for different chemokines and anti- 
body-specific Fc*”*'. In this context, epithelial-cell-specific NF-«B 
activation or suppression seems to be a nodal point in the suppres- 
sion and/or recruitment of immune responses in IBD. Of note, some 
bacteria seem to be able to hijack this process to minimize epithelial 
cell NF-«B activation”. These studies imply that commensals actively 
dampen intestinal inflammation by inhibition of IKBu degradation, 
protein ubiquitination and enhanced PPARy-mediated nuclear 
export of RelA to terminate signal transduction*’. Mice with con- 
ditional deletion of NEMO (also known as IKBKG) in intestinal 
epithelial cells develop spontaneous colitis and the expression of 
antimicrobial peptides is significantly attenuated**. Deletion of 
IKK-B (encoded by IKK2) in intestinal epithelial cells does not trigger 
spontaneous colitis (as in the case of Ni OD2~'~ mice); however, these 
mice are unable to initiate pathogen specific T helper (Ty)2 res- 
ponses to parasitic infection**. Together, these observations highlight 
the importance of NF-«B signalling networks within the intestinal 
epithelium in sustaining normal mucosal homeostasis and in medi- 
ating pathogen-specific responses. These studies point to substantial 
challenges in the development and use of inhibitors of NF-«B signal- 
ling pathways in intestinal inflammation as these pathways have 
protective as well as deleterious effects. 

In addition to columnar epithelial cells, specialized cells are inter- 
spersed along the crypt villus axis to enhance protection against 
microbes and promote repair. Paneth cells reside in the base of the 
crypt where they secrete antimicrobial peptides, including the 
a-defensins. Some observations suggest that a reduction in Paneth 
cell «-defensins may contribute to the pathogenesis of terminal ileal 
Crohn’s disease in patients with mutant NOD2 (refs 36, 37). 

Goblet cells are also an important component of the epithelium. 
They are responsible for production of trefoil peptides, key both to 
defence and epithelial/mucosal repair*®. Recent studies have demon- 
strated that RELMB, another goblet cell specific protein, is induced 
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on bacterial colonization, and disruption of this gene reduces the 
severity of colitis in a dextran sodium sulphate model of colonic 
injury’. MUC2, a major goblet-cell-derived secretory mucin, is dif- 
ferentially expressed in human IBD. Consistent with these observa- 
tions, MUC2-'~ mice are deficient in goblet cells and develop 
spontaneous colitis*’. A recent study elegantly demonstrates a con- 
tribution of intestinal mucus to the suppression of colitis*'. Overall 
these data suggest that Paneth cell deficiency increases the risk of 
Crohn’s disease, whereas goblet cells play a part in protection and 
pathogenesis in colitis*?*?**. 


Mucosal monitors 


The processes that monitor the luminal contents and titrate the 
mucosal response are probably central to functional integrity of the 
mucosa and health. Thus, the mucosal immune system is poised to 
detect bacteria and antigens at the mucosal surface and to drive an 
appropriate response. The response must be nuanced between ‘tol- 
erant’ and ‘active’ to distinguish between an innocuous commensal 
(which may even serve as a symbiote) and pathogens, which can 
invade the epithelium and beyond. 

A number of sentinel cell populations in the intestinal mucosa 
continuously monitor luminal microbes. These include specialized 
M cells that transport by pinocytosis macromolecules, IgA complexes 
and microbes that are then picked up by antigen-presenting cells. 
Peyer’s patches, isolated lymphoid follicles and the lamina propria 
work as inductive sites for the mucosal response, whereas the lamina 
propria functions as a recognition/effector site’. 

Among the subsets of antigen-presenting cells, myeloid-derived 
dendritic cells are the dominant subtype in the intestinal lamina 
propria and show considerable functional plasticity depending on 
the location, state of maturation, and stage of inflammation. 
Intravital fluorescent microscopy techniques have demonstrated that 
dendritic cells form an extensive network beneath the intestinal epi- 
thelium and project long processes through the interstices of epithe- 
lial cells to sample luminal antigens**. Sampling of bacteria by 
resident dendritic cells is mediated in part by a CX3CR1-dependent 
mechanism that permits direct dendritic-cell-microbe contact**. In 
response to TLR ligands, the immature CD11c* CD11b* dendritic 
cells produce IL-23, which contributes to development of intestinal 
inflammation in murine models of colitis. Furthermore, studies 
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using a transgenic p40 (also known as I/-12p40 or IL-12B) or IL-23 
depletion suggest that IL-23 is the dominant driver of regional intest- 
inal inflammation in murine models of intestinal inflammation’. 
Recent studies also implicate IL-4, B-lymphocytes and enteric flora in 
dendritic-cell-mediated granuloma formation in states of chronic 
intestinal inflammation”. 

Consistent with a baseline state of hyporesponsiveness, intestinal 
macrophages show attenuated proliferation and chemotactic activity 
in response to either microbial ligands or host cytokines/chemokines 
despite possessing the molecular mechanisms to elaborate strong 
phagocytic and bactericidal responses”. Following an inflammatory 
signal, circulating macrophages migrate to the intestinal mucosa and 
these cells, unlike resident macrophages, express TREM1/2, Nod-like 
receptors (NLRs), TLRs capable of rapid response and functional 
chemotactic receptors. Direct support for the role of macrophages 
in the regulation of IBD has been obtained from analysis of mice with 
selective disruption of STAT3 in their macrophages*'. Tumour- 
necrosis factor (TNF) produced by non-lymphoid cells, mostly 
macrophages, was found to be essential for the development of colitis 
using the adoptive T-cell model of colitis induction. Recent studies 
have also shown that depletion of macrophages in the I110 '~ mouse 
prevents development of colitis, which otherwise occurs owing to 
unregulated production of IL-12 and IL-23 by macrophages”. 

Migration of innate immune cells such as neutrophils, macrophages, 
and dendritic cells into target mucosal tissues depends on the expres- 
sion of cytokines, chemokines and adhesion molecules. Furthermore, 
these cells generate reactive oxygen species that are key effectors of 
inflammation and tissue injury and also increase epithelial permeab- 
ility. Recruitment of activated neutrophils, dendritic cells and macro- 
phages into the lamina propria in general amplifies the local immune 
response, whereas activated natural killer cell recruitment seems to 
enhance antimicrobial factors, leading to attenuation of inflamma- 
tion’’. This regulated homing of cells into the mucosa is tightly chor- 
eographed by integrins, chemokine receptors and microbial signals. 
Modulation of the expression of regional inflammation-induced 
adhesion molecules may be a useful method of disease intervention. 

It is ironic that attention has only relatively recently turned to the 
role of the evolutionarily ancient set of innate immune responses, 
which serve as, figuratively, the first line of immune defence. 
Although there are many components of innate immunity, they are 


Table 1| Mouse models of colitis with altered barrier, innate or adaptive immune responses 


Model Known defects 


Multidrug-resistant la ’~ (also known as ABCB1 /—) 
Gui2-/~ (GNAI2-7-) 

Macrophage-PMN Stat3"/— 

Bone marrow Stat3-/— 

A20-/~ (TNFAIP3-/—) 

1110 and II10Rb-/~ 

NF-«B (Nfkb1~/~, Rela’/~) 

TGFb1°’, TGFbR2-/~ 

CdcstHes8ir mutant mice 

SAMP1/Yit mutant mice 

I2~/~ and II2Ra/~ 

TNFa*“®°~/~ (ARE, AU-rich elements) 
CD4*, CD45RB"#" transfer 

TCRa’’~ (T-cell antigen receptor mutant) 
WASP “(WAS /~) 

CD4OL transgenic mice 

Smad3"/— 

Epithelial cell specific deletion of NEMO 
Dextran sulphate sodium 

Dextran sulphate sodium/Tff3" /— 
Dextran sulphate sodium/Ptger4 “— 
Muc2~/~ 


N-cadherin mutant Barrier function 


Altered epithelial barrier 

Defective epithelial barrier; defective regulatory B cells 

ncreased response to lipopolysaccharide (LPS); resistance to IL-10 regulation 
ncreased response to LPS; impairment of innate immune function 

ncreased response to LPS 
Lack of Trl (Trl; Treg cells) activity; lack of TGF-B signalling 
ncreased IL-2 production 
Decreased numbers of regulatory T cells 
mpaired innate responses to TLR ligands; increased numbers of bacterially reactive T cells 
Epithelial cell defects; expanded B-cell population; increased numbers of activated T cells 
Decreased numbers of CD4* CD25" T cells 

ncreased TNF-« production 
Decreased numbers of regulatory T ce 
Loss of a regulatory B-cell function 
Regulatory T cells 
ncreased numbers of activated T cells 
Decreased numbers of regulatory T ce 
Barrier function/innate immunity 
Direct damage to epithelial barrier 
Goblet cell dysfunction; impaired epithelial repair 
Altered epithelial barrier 

Barrier function/mucus defect 


a 


a 


Key lessons learned from IBD models include: (a) a compromised epithelial layer has been shown to be sufficient to result in intestinal inflammation; (b) T cells have been implicated in numerous 
models presumably promoting an inappropriately activated autoreactive effector T-cell population; (c) a variety of other haematopoietic cells have been shown to be able to mediate or regulate 
intestinal inflammation; (d) many studies have elucidated the roles of the different cytokines at play in the different models of colitis—chemoattractant cytokines may have a unique role in IBD 
pathogenesis; and (e) although no specific pathogen has been isolated from the intestinal flora of spontaneous colitis models, the resident enteric flora seems necessary for colitis induction. 


429 


©2007 Nature Publishing Group 


REVIEWS 


all ‘hard wired’: a defining characteristic that contrasts with the 
acquired specificity of adaptive responses. Immediacy of response 
is possible, in part because innate immune sensors/receptors recog- 
nize stereotypic molecular structures. It seems clear that the innate 
immune system evolved as a means to monitor the microbial 
environment and to limit infection by invasive organisms. 

Distinct classes of receptors that recognize microbial molecular pat- 
terns are central to innate immunity. To date, more than 11 TLRs, 23 
NIRs, several C-type lectin-like molecules, and f-glucan receptors 
have been identified. Although initial studies suggested that TLRs/ 
NLRs were expressed in macrophages and dendritic cells, recent studies 
have demonstrated that innate immune receptors are broadly 
expressed in many cell types, including the intestinal epithelium. 
Many TLRs are probably non-functional at the apical side of intestinal 
epithelial cells, and, at baseline, NLR (also known variously as NOD or 
CARD) proteins might be the most important active sentinels for 
bacterial molecular patterns in these cells. Engagement of TLRs by 
microbial components triggers the activation of signalling cascades 
leading to the induction of genes involved in antimicrobial defence. 
A recent study also proposes that ligands for NOD2 may synergize with 
TLR2 for the production of IL-12p70 and IL-23 (ref. 54). 

In the past few years, mutations in both TLRs and NLRs have been 
found to be associated with inflammatory bowel diseases, suggesting 
that each detection system is key for regulating mucosal homeosta- 
sis’**°’, As noted above, NOD2 was identified as IBD1, providing the 
most compelling evidence for the importance of microbial—mucosal 
interaction in the pathogenesis of IBD. NOD2 protein is expressed in 
macrophages, dendritic cells, intestinal epithelial cells and Paneth 
cells, and may have cell-specific functions. Individuals who are either 
homozygotes or compound heterozygotes for any one of the three 
‘common’ identified germline variations of NOD2 have as much as a 
40-fold increased likelihood of developing ileal Crohn’s disease. 

Muramyl! dipeptide (MDP), found in bacterial peptidoglycan, is 
recognized by the leucine rich repeat (LRR) domain of NOD2 and 
leads to the activation of NF-«B through a receptor-interacting 
serine-threonine kinase-2 (RIPK2)-dependent signalling pathway 
(Fig. 3a)°*°°. Recent studies have demonstrated that the signalling 
pathway is positively and negatively regulated by interacting part- 
ners®**, A number of observations point to multiple regulatory steps 
in NOD? signal transduction. Analogous to plant R proteins, NOD1 
and NOD2 interact with SUGT1 and HSP90, thereby determining 
the specific transmission of activating and desensitizing signalling 
outputs that are evolutionarily conserved”. MDP is also recognized 
by the NLRP1 inflammasome”. Of note, duration of MDP stimu- 
lation may regulate tolerance in these pathways. Tissue-specific splice 
variants could also contribute to signalling outcome. 

The mechanism by which NOD2-mediated functions contribute 
to intestinal immune homeostasis and how dysregulation of these 
functions in individuals with disease-associated NOD2 polymorph- 
isms contribute to the increased propensity to develop Crohn’s dis- 
ease remain incompletely understood. Antibacterial defensins are 
expressed in a NOD2-dependent manner and patients with 
Crohn’s disease seem to have diminished defensin production**”’. 
NOD2-‘~ mice do not develop spontaneous intestinal inflammation 
but are more susceptible than control mice to intra-oral Listeria 
infection’. The most common Crohn’s disease-associated variant 
has been found to have reduced ability to control intracellular 
Salmonella survival in epithelial cells compared with those expressing 
wild-type NOD2 (ref. 30). Primary-monocyte-derived macrophages 
from patients with Crohn’s disease who are homozygous for the 
truncating mutation in the LRR sensor domain (Leu1007fsinsC) 
have a globally blunted transcriptional response to MDP®. In 
contrast, NOD2 frameshift-mutation knock-in mice have an 
enhanced response to MDP and are susceptible to dextran sodium 
sulphate colitis”. Comparative analysis of the colonic flora in NOD2 
knock-in and deficient mice may reconcile the disparate loss-of- 
function and gain-of-function phenotypes found when studying 
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the Crohn’s disease-associated NOD2. Collectively, studies suggest 
that NOD2 primarily functions in antibacterial immunity and 
that persistent bacterial survival might be a driver of persistent 
inflammatory responses in IBD. However, a more comprehensive 
understanding of the relationship between NOD2-dependent path- 
ways and cellular processes for handling internalized bacteria is 
needed. 
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Figure 3 | Several IBD susceptibility gene products modulate host-cell 
functional response to microbial flora. a, Schematic representation of cell- 
specific NOD2/CARD15 signalling pathways. In intestinal epithelial cells/ 
Paneth cells and antigen-presenting cells, muramyl dipeptide (MDP) found 
in bacterial proteoglycans is recognized by the leucine rich repeats (LRR) 
domains of NOD2 and leads to the activation of NF-«B. In Paneth cells, 
NOD2-mediated NF-«B activation leads to the induction of defensins. 
Mutations in NOD2 attenuate selective ~-defensin production and protect 
epithelial cells from bacterial infection. In antigen-presenting cells, NOD2 
signalling is modulated by TLR signalling inputs and, via interaction with 
procaspase 1, regulates pro-inflammatory cytokine production. b, Potential 
roles for autophagy in IBD. Autophagy is essential for cellular homeostasis, 
providing a mechanism of response among all cell types to limit the harmful 
effects of diverse exogenous and endogenous stresses. The schematic flow 
diagram depicts the multiple stages at which autophagy may have a role in 
intestinal physiology, acute stages of inflammatory injury and the resolution 
phase of IBD. PRR, pattern recognition receptor; ROS, reactive oxygen 
species. 
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The intracellular responses of autophagy and IBD 


As noted above, a working model of IBD pathogenesis has evolved 
from a central focus on adaptive immunity to innate immunity. A 
constellation of findings, particularly in the last year, suggest a more 
focused orientation of that model on intracellular responses to low- 
level invasive bacteria. These include recent findings implicating 
alterations in autophagy and phagosomal function. 

The autophagy pathway plays a part in protecting mammalian cells 
against various bacterial pathogens and the cytotoxic effect of bac- 
terial toxins” ”*. Following low-level stimuli or pathogen infection, 
autophagy could represent a primary attempt to re-establish homeo- 
stasis and when autophagic capacity is overwhelmed apoptosis 
could be triggered. The relevance to IBD is highlighted by the recent 
discovery that a synonymous SNP in the auto-phagocytic gene 
ATGI6L1 is associated with increased risk for Crohn’s disease*!” 
(Fig. 3b). ATG16L1 is broadly expressed in the intestinal epithelium, 
APCs, CD4/8 T cells, B1 cells and memory B cells. Preliminary data 
have implicated ATGI6L1 in host responses to intracellular bac- 
teria’*. Recent studies have also implicated a second autophagy gene, 
IRGM in Crohn’s disease risk”’. Short interfering (si)RNA studies 
have demonstrated that IRGM is required for mycobacterial immun- 
ity and may have an analogous role in the granulomatous response 
often observed in Crohn’s disease’*”*. Future studies will need to 
systematically determine the functional implications of disease var- 
iants in a cell- and tissue-specific context with the goal of gaining 
insight into the pleiotropic mechanisms behind human IBD. 

NADPH oxidases and associated accessory proteins are also essen- 
tial components of cellular response in microbial invasion’*’*. An 
SNP within the first intron of NCF4 (p4oP"*) is associated with 
enhanced susceptibility to IBD’*. The presence of mutations within 
NCF4 also prompts the hypothesis that altered phagosome function 
affecting handling of commensal flora may contribute to disease. 
Functionally altered phagosomes may kill microbes less effectively, 
resulting in prolonged immune activation or incomplete pathogen 
clearance. 


Innate signals meet adaptive immunity 

Although innate immune responses seem to be a prerequisite for the 
excessive activation of adaptive immunity, the latter is the more 
proximate driver of tissue damage that is manifest in IBD patients 
(Fig. 4a, b). Adaptive responses are effected by a combination of 
resident and recruited cell populations. These comprise mucosal 
B cells producing secretary immunoglubulin A and immunoglobulin 
G, a complex mixture of T cells that are dominated by a Ty1, Ty17 


Figure 4 | Mucosal immune responses to luminal flora are multi- 
dimensional. a, Mucosal immune responses to dietary and microbial 
antigens. DC, dendritic cell; IgA, immunoglobulin A; E, enterocyte; G, goblet 
cell; L, lymphocyte; IDC, immature dendritic cell; Tx, T cell (naive); MLN, 
mesenteric lymph node; Mo, macrophage; P, Paneth cells; PP, Peyer’s 
patches. b, Mucosal immune response initiated by microbial sensing systems 
activates adaptive immune responses. Pathogenic bacteria or commensal 
microbes in genetically susceptible hosts disrupt epithelial barrier function, 
triggering the recruitment and activation of innate immune responses and 
colitogenic CD4" T cells. Depicted cells and cytokines imply that multiple 
components are involved in controlling mucosal immune responses in 
physiological and pathological states of inflammation. NK, natural killer. 

c, Schematic representation of IL23R isoforms and susceptibility loci 
implicated in Crohn’s disease. The SNPs depicted are not all independent 
associations (the differences in the ORs presented are not necessarily 
biologically relevant differences). Additional genetics and functional studies 
will be essential to identify truly functional SNPs and to determine 
mechanisms by which some confer risk and others protection. Chr., 
chromosome; OR, odds ratio. d, Differentiation of CD4 T cells. The relative 
balance between effector T cells and regulatory T cells determines intestinal 
immunity and inflammation. Ty1, Ty2, Ty17 and T,.. cells are present in the 
intestinal mucosa and their differentiation is determined by cytokines, 
chemokines, self-ligands and microbial products present in the local and 
systemic milieu. nT,,g, natural T, 29; iT cg, induced T,..; Tbet, TBX21. 
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or Ty2 phenotype, and the coincident presence of regulatory T/B 
cells. Ty71 development is triggered by microbes that stimulate pro- 
duction of interferon-y and IL-12p40, which signal through STATI, 
TBX21 and STAT4. STAT6 is essential for enhancement of T},2 cell 
differentiation and GATA3 for the induction of IL-4, IL-5 and IL-13 
(refs 79-81). 

In simplistic terms, ulcerative colitis seems to exhibit a T}2-type- 
like cytokine profile, and Crohn’s disease, a T};1 profile. Recent stud- 
ies suggest a more complex and significant overlap between the two 
major forms of IBD. Another CD4 T-cell lineage (Ty17) has been 
recognized that is characterized by the production of the eponymic 
cytokine IL-17 and the development of which is promoted by IL-23 
and suppressed by transcription factors required for Ty1 and Ty2 
cells*'**. Although the precise mechanism by which IL-23 maintains 
Ty17 responses in vivo is still not well understood, recent studies have 
shown that T};17 cell lineage commitment is driven by TGF-B in the 
presence of proinflammatory cytokines, whereas IL-23 seems to 
expand or maintain Ty17 cell populations*’. Furthermore, studies 
have demonstrated that IL-2 signalling using STAT5 inhibits T,17 
differentiation, which by its positive effects on regulatory T (Treg) 
cells (see below) may constrain Ty17-mediated inflammation™. 
Compelling evidence indicates that RORyt (retinoic acid-related 
orphan nuclear hormone receptor gammac-t) is necessary for Ty17 
commitment and differentiation. 

Recent studies have demonstrated that an IL23R coding variant is 
associated with reduced risk of IBD® (Fig. 4c). Further analysis sug- 
gests that there are multiple variants in the region independently 
associated with risk of IBD and establish that IL23R signalling is 
central to IBD. IL-23 is predominantly produced by activated dend- 
ritic cells and phagocytic cells, further suggesting that there may be 
distinct populations of dendritic cells expressing IL-12 and IL-23. IL- 
23 signals via the constitutive association of JAK2 in a STAT3/ 
STAT4-dependent pathway, and IL-23-stimulated cells express IL- 
17A, IL-17F, IL-6, IL-22, TNF and CXCL1. Many microbial signals, 
CD40 and PGE2 (also known as PTGES2) receptors enhance the 
expression of the IL-23 subunits****. 

Mechanistic studies also suggest the potential importance of the 
IL-23 axis in IBD pathogenesis. Anti-IL-12p40 (common to both IL- 
12 and IL-23) or interferon-y-specific antibodies antagonize the 
development of spontaneous IBD in the IL-10-deficient mouse, but 
only neutralization of IL-12p40 ameliorated the disease. The spon- 
taneous development of IBD in IL-10-deficient mice is prevented by a 
cross with IL-23p19 (also known as IL23a)-deficient mice, also sug- 
gesting an essential role for IL-23 in the induction of colitis***”’. 
Future studies will need to determine if IL-17-deficiency alters onset 
of murine colitis in these models. 

In addition to its ability to support the development of T};17 cells, 
IL-23 induces the secretion of IL-17 by non-T-cells in an inflammat- 
ory environment, and both T cells and monocytes serve as sources of 
increased expression in the mucosa of IBD patients. Recent data 
suggest that IL-17 induces antimicrobial peptides and may regulate 
tight junction barrier formation”. Taken together, data suggest that 
IL-23-IL-23R signalling may be subject to compartment-specific 
regulation at multiple levels and seems to function as a key conductor 
of innate and adaptive inflammatory responses in the intestinal 
mucosa. 

Compelling evidence in human as well as murine models also 
suggest a role for T,eg cells in maintaining intestinal homeostasis”’. 
In addition to thymic-derived Tyeg cells, induced T,¢g cells may be 
generated in the periphery from activated effector memory 
CD4* CD25~ cells”. As outlined in (Fig. 4d), in the absence of 
inflammatory mediators, TGF-B promotes the development of 
Foxp3* Treg Cells associated with suppression of the inflammatory 
response”’. In contrast, in the presence of proinflammatory cytokines 
such as IL-6, TGF-f induces the differentiation of Ty17 cells. The 
complex interactions between pleiotropic factors such as IL-17 and 
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TGF-B influence intestinal homeostasis and may affect initiation, 
persistence and relapses in human IBD. 

In the lamina propria, T,.g cells may have evolved to suppress 
immune responses to resident commensal microbes. Tg cells could 
have a critical role in modulating the clinical spectrum of the disease. 
Tyeg Cells are expanded in both inflamed and non-inflamed ulcerative 
colitis”. Additional regulatory cells within the CD8 compartment 
(CD8* CD28— ) have been described in IBD®’. These cells are reduced 
or absent in lamina propria of patients with IBD. In addition to T 
cells, B cells termed B,.¢ also have a regulatory role in intestinal 
inflammation, on the basis of observations in a number of murine 
models”®. Unlike T,cg cells, these cells are seen only in states of inflam- 
mation and suppress progression rather than initiation of murine 
colitis. Additional evidence points to a key role for CD1d-restricted 
natural killer T (NKT) cells in the induction and amplification of 
Ty2-cytokine-driven intestinal inflammation in ulcerative colitis’’. 
Future studies will need to identify additional phenotypic markers 
for these cells in the lamina propria and address the role of these 
location-specific regulatory cells in the prevention and the resolution 
of intestinal inflammation in human IBD. 


Future perspectives 


The number of potential IBD genes continues to increase 
Additional novel loci map to chromosome 16q24.1, TNFSF15, 
NKX2-3 and an intergenic region on chromosome 10q21.1. Future 
biological studies will be required to identify the functional or gene 
regulatory implications of these non-coding variants in human IBD, 
and how qualitative and quantitative differences in expression con- 
tribute to disease pathogenesis. Modelling the available data predicts 
that the IBD-prone genotype results from multiple genetic variants 
that each exert a small effect on overall risk. Genetic variants may 
permit improved definition of disease phenotype, help monitor clin- 
ical progression and more importantly provide insight for the 
development of targeted preventive therapies. Furthermore alterna- 
tive splicing of messenger RNA precursors, such as those that occur 
within NOD2 and ATGI6L1, is a common mechanism of gene con- 
trol and future studies will need to address the functional implica- 
tions of splicing within genetic variants that contribute to immunity. 

An important conceptual development in the understanding of 
IBD pathogenesis has been the more focused appreciation of the 
nature of the microbial—innate-immune-response interaction during 
the transition from physiological to pathological intestinal inflam- 
mation. As highlighted above, achieving a thorough understanding 
may depend as much on more rigorous analysis of the complex 
dynamics of luminal microbial communities as on understanding 
of the host mucosal defence and response mechanisms. 

Explaining the geographic restriction of inflammation to the 
intestine is a major cognitive challenge when disease-associated gene 
variants are usually expressed broadly. This paradox might be 
explained by the combined effect of a relatively subtle alteration of 
gene function and an exceptional challenge provided by the dense 
microbial flora unique to the gut. When innate immune function is 
only slightly attenuated, a phenotype may be manifest only where 
there is a very dense bacterial antigenic challenge, resulting in gut- 
restricted disease. Host defence defects in ulcerative colitis patients 
may be sufficiently subtle that inflammation occurs only in the con- 
text of the intense stimulus of the colonic flora. This supposition may 
explain why inflammation frequently occurs in the pouch created 
from the terminal ileum in ulcerative colitis patients undergoing 
colectomy when the ‘ileal flora’ becomes more colonic-like, despite 
the absence of ileal inflammation in ulcerative colitis patients before 
surgery. 

Recent studies indicate that the outcome of microbe—host-cell 
interaction may depend on the competence of the host response 
rather than the intrinsic invasiveness of the bacteria per se. If the 
mechanisms for intracellular inhibition and killing are diminished, 
persistent survival may stimulate progressive inflammation. A 
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better definition of disease, coupled with host gene expression pro- 
files, metabolomic profiling of microbes and metagenomic 
approaches may help narrow the microbial factors central to disease 
pathogenesis”. 


Finally, functional dissection of genetic variants in IBD suscept- 


ibility is still in its infancy. Searching for more complete genotype— 
phenotype correlations and for independent evidence of the 
functional consequences of sequence alteration will be an important 
step in placing disease variants in functional biology. Systematic 
pathway analysis will help guide future in-depth functional studies 
and provide a common framework for understanding how these 
genetic variants influence biological pathways in ways that lead to 
IBD. 
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A lipid-based model for the creation of an 
escape hatch from the endoplasmic 


reticulum 


Hidde L. Ploegh’ 


Lipids are not encoded by a DNA template and therefore cannot be mutated, knocked out or knocked down. This by no means 
renders them impotent from a cell biological perspective. Here | propose a model for the involvement of lipid rearrangements 
in the execution of crucial steps in (glyco)protein quality control. 


ipids allow life forms to exist by separating, but not insulating, 

the extracellular environment from the cytoplasm. For eukar- 

yotes, their delimiting membranes define the identity of 

intracellular compartments. Import and export of macro- 
molecules across these membranes require specialized machinery, 
including transport proteins of various stripe and colour. Nowhere 
is this more evident than in the endoplasmic reticulum (ER), where 
nascent secretory and membrane proteins rely on the Sec61 complex 
(translocon) to acquire a topology equivalent to extracellular expo- 
sure, a co-translational process. The translocon accommodates the 
nascent chain in an extended conformation, and folding starts only 
when the polypeptide emerges on the luminal side’. 


Elimination of misfolded proteins from the ER 


Endoplasmic reticulum (ER)-inserted proteins that fail to attain their 
proper conformation are destroyed by extraction from the ER, fol- 
lowed by proteolysis in the cytosol’~*. Eukaryotes use several pathways 
for elimination of ER proteins that have exhausted their folding 
options». Key steps involve (1) an assessment of folding status; (2) 
relegation to a conduit through which the unwanted polypeptide 
leaves the ER; and (3) proteolysis on the cytoplasmic side of the ER. 
Weknow the identity of several of the components in the ER that assess 
protein folding status (step 1)*°. Furthermore, proteolysis revolves 
around ubiquitin-dependent, proteasomal destruction (step 3)**’. 
The unsolved question concerns the identity of the channel through 
which extraction from the ER occurs (step 2). Notwithstanding several 
plausible suggestions**"''", no protein complex has been identified that 
convincingly accounts for all steps of the topological reversal that 
precedes cytoplasmic destruction. Moreover, certain non-enveloped 
viruses such as polyoma virus and simian virus 40 (SV40) escape from 
the ER as largely intact particles, and do so by using proteins drawn 
from the same set as those involved in extraction of misfolded glyco- 
proteins'*"'*. This raises the question of the identity of the channel 
through which misfolded proteins or viruses such as polyoma virus 
escape from the ER, and the exact role of proteins therein. A substantial 
body of evidence points to Der1 in yeast and its homologues in other 
eukaryotes, the Derlins, as proteins around which a dislocation chan- 
nel could be organized***'®"". I here propose an alternative model that 
invokes a role for lipids—and exploits the mechanism by which lipid 
droplets form—both as an escape hatch for viruses like polyoma virus, 
and in the removal of misfolded proteins from the ER. The proposed 
exit model by no means excludes purely protein-based alternatives and 


may even require proteins for assistance, but it does account for a 
number of observations not readily reconciled with our current know- 
ledge of existing protein-based channels. 


Lipid droplets: biogenesis and composition 


Lipid droplets are present in all eukaryotic cells. Their biogenesis 
involves local delamination of the ER through insertion of a ‘lens’ 
composed of neutral lipids (triglycerides, cholesterol esters), fol- 
lowed by budding from the ER of the nascent lipid droplet, now 
surrounded by a single layer of phospholipids'>’® (Fig. la—e). Lipid 
droplets also have a distinctive protein composition: some proteins 
(adipophilins) are unique constituents of lipid droplets’’, others 
(caveolin) are found associated with the plasma membrane and with 
lipid droplets'*, but ER constituents, notably calnexin and the 
immunoglobulin heavy chain binding protein BiP, are consistently 
found as well'?*'. This is surprising: calnexin is a type I membrane 
protein, the amino-terminal domain of which is luminally exposed. 
BiP, too, resides in the ER lumen. The possibility that an isolation 
artefact accounts for the presence of BiP and calnexin in lipid drop- 
lets cannot be dismissed out of hand, especially in view of the pro- 
pensity of the ER to enwrap lipid droplets’’, but their presence is no 
less remarkable than the absence of other, abundant ER-resident 
proteins. Because of the presence of calnexin and BiP, we consider 
an alternative means of releasing a lipid droplet from the ER. It 
involves the (transient) formation of bicellar structures, created by 
fusion of the luminal and cytoplasmic leaflets of the ER membrane 
(Fig. 1h, k). A lipid droplet would thus be surrounded by a phospho- 
lipid monolayer’’, with at least a portion taken from the ER-luminal 
leaflet, together with its inserted proteins. To accommodate mem- 
brane proteins in these structures, not all bilayer characteristics need 
to be lost in the course of lipid droplet formation (Fig. 1k). A 
‘wrinkled’ surface would create ridges with local bilayer properties 
to which membrane proteins could be anchored in the conventional 
way by means of their transmembrane segment(s). Misfolded secret- 
ory proteins targeted for destruction could then piggy-back onto 
chaperones such as calnexin or BiP. Localized curvature of lipid 
vesicles and lateral separation of lipids of different composition are 
known to occur, at least in model membranes, with spectacular 
structural consequences and sharp demarcations between lipid 
domains of unique composition”. 

Excess lipid is present opposite the site where a lipid droplet forms, 
because the bulk of the lipids necessary for formation of the droplet is 
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‘borrowed’ from the cytoplasmic leaflet only. Both lipid composition 
and membrane curvature may prepare these droplet intermediates 
for excision from the ER by bicelle formation between the luminal 
and cytoplasmic phospholipid leaflets, rather than by simple scission. 
Bicellar structures favour the presence of lysophospholipids and gly- 
colipids with bulky headgroups”’. Viruses such as polyoma virus and 
SV4O0 bind to just such glycolipid receptors at the cell surface and are 
delivered to the ER by means of caveosomes™. En route from the 
surface to the ER, the virus particles presumably remain tethered to 
their glycolipid receptors. Once in the ER, they may prefer areas 
based on local membrane curvature and/or lipid composition and 
thus seek out areas where lipid droplets form. This scenario would 
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Figure 1| Biogenesis of lipid droplets and a model for their involvement in 
escape of macromolecules and viruses from the ER. a-f, Lipid droplet 
formation. Phospholipids on the luminal face of the ER lipid bilayer are 
depicted with purple headgroups; phospholipids on the cytoplasmic face are 
depicted with white headgroups. The yellow lollipops represent 
lysophospholipids and/or glucosylceramides. b, Lipid droplet formation 
starts with the formation of a neutral lipid ‘lens’ in between the two sheets of 
phospholipids. e, A lipid droplet consists of a neutral lipid core surrounded 
by a monolayer of phospholipids, derived by scission from the cytoplasmic 
face of the ER membrane. f, ‘Wrinkles’ on the surface of a lipid droplet 
impart local phospholipid bilayer character. g—k, Resolution of lipid droplet 
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position the virus particle at the right site to leave the ER in the 
slipstream of a departing lipid droplet (Fig. 1m, n). Upon release 
ofa lipid droplet and exit of the virus from the ER, the resulting pore 
then closes by progressive constriction and, finally, coalescence of the 
luminal and the cytoplasmic leaflets (Fig. 1o). Not all lipid droplets 
must necessarily arise by the same mechanism, or yield structures of 
identical composition: some may serve a lipid storage function 
(Fig. la—f); others may carry out functions related to ensuring ER 
homeostasis and protein quality control. The integrity of the ER is 
important to maintain its unique ionic composition”. The existence 
of channels of a size sufficient to allow passage of virions or folded 
protein domains would require gating mechanisms that ensure 
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intermediates by bicelle formation. The route taken by the class I MHC 
molecule (green) is representative of the fate proposed for a type I membrane 
protein about to be discharged from the ER, either as part of a lipid droplet 
(k, right) or as a structure composed solely of the class I MHC molecule and 
phospholipid (k, left). I-o, Polyoma virus leaves the ER in the slipstream of a 
lipid droplet, through a bicelle-stabilized hole created by the departure of the 
lipid droplet. Other microbial products (perhaps muramyldipeptide) might 
use the same route to access the cytosol. n, 0, The hole created transiently 
(n) closes by coalescence of the luminal and cytoplasmic phospholipid 
leaflets, leaving polyoma virus in the cytoplasm (0). 


©2007 Nature Publishing Group 


NATURE|Vol 448|26 July 2007 


maintenance of these ionic gradients**’’. A transient breach of ER 
integrity, through modification of pathways via which the ER handles 
lipids, may be more readily controlled than the (still no less hypo- 
thetical) proteinaceous dislocon. The surface to volume ratio of the 
ER might well tolerate the formation of short-lived holes, with the 
locally dissipated ion gradients quickly restored. 


Lipid rearrangements and protein extraction from the ER 


The formation of a lipid droplet need not go to completion, yet still 
allow the formation of bicellar structures. Arrangements topologic- 
ally equivalent to lipid droplets may have a role in removal of 
unwanted membrane proteins from the ER. Dislocation of class I 
major histocompatibility complex (MHC) molecules (type I mem- 
brane glycoproteins) in cells expressing the viral immunoevasins US2 
or US11 yields a cytosolic intermediate that consists of the complete 
class 1 MHC heavy chain, with its transmembrane segment intact””®. 
Although the single N-linked glycan is removed from the class I MHC 
heavy chain by cytosolic N-glycanase, such removal is dispensable for 
dislocation: the continued presence of this glycan does not prevent 
delivery of the class I MHC heavy chain to the cytosol’’”’. The size 
alone of the attached high-mannose glycan”! again raises questions 
about the identity of the conduit through which dislocation of the 
glycosylated class I MHC heavy chains occurs. The radius of gyration 
of the single N-linked glycan attached to a glycoprotein, as predicted 
by molecular dynamics calculations and based on the structure of the 
N-linked glycan as determined by nuclear magnetic resonance”, 
would yield an almost protein-sized impediment to dislocation. 
Even attachment of compactly folded dihydrofolate reductase or 
green fluorescent protein to the luminal portion of the class I 
MHC heavy chain does not impede dislocation and results in delivery 
of the intact fusion protein to the cytoplasm****. I propose that the 
action of US2 and US11 creates a local environment favourable to the 
generation of bicellar structures, through recruitment of proteins or 
protein complexes that facilitate lipid rearrangements. Perhaps in the 
case of US2- or US11-dependent dislocation, the lipid droplet equi- 
valent consists of only the class I MHC molecule itself, its transmem- 
brane region shielded by lipids (Fig. 1k). The transmembrane 
segment of the class I MHC heavy chain would thus be the equivalent 
of the neutral lipids that otherwise make up lipid droplet content. 
Why can properly folded class I MHC molecules, devoid of all lysine 
residues in their cytoplasmic tails, still be detected in ubiquitin- 
conjugated form*’, presumably involving lysine residues in the lumi- 
nal domain for ubiquitin attachment? The intermediates depicted in 
Fig. 1k immediately suggest the solution. Isolation and chemical 
analysis of these and other dislocation intermediates should allow a 
test of this part of the model. Of note, in cells that actively degrade 
apolipoprotein B (ApoB), the protein is found in association with a 
subset of lipid droplets, is ubiquitin-modified and recruits protea- 
somes to the lipid droplets that contain ubiquitin-modified 
ApoB**”’, 

Immune recognition makes use of diverse proteolytic pathways to 
generate peptide fragments that are presented to antigen-specific T 
lymphocytes, which may then initiate an immune response***°. At 
least one such pathway, referred to as cross-presentation, involves the 
transfer into the cytoplasm of materials that originate from endoso- 
mal or phagosomal compartments’, the lumina of which are equi- 
valent to extracellular space. Perhaps not surprisingly, involvement 
of similar machinery has been invoked to explain both degradation of 
misfolded proteins that originate in the ER, and cross-presenta- 
tion***°. However, as argued here, it may not be necessary to pos- 
tulate the involvement of a proteinaceous protein-conducting 
channel to accomplish this feat. 
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A transforming mutation in the pleckstrin 
homology domain of AKT1 in cancer 


John D. Carpten’, Andrew L. Faber”, Candice Horn’, Gregory P. Donoho”, Stephen L. Briggs’, Christiane M. Robbins’, 
Galen Hostetter’, Sophie Boguslawski*, Tracy Y. Moses’, Stephanie Savage’, Mark Uhlik*, Aimin Lin’, Jian Du’, 
Yue-Wei Qian’, Douglas J. Zeckner’, Greg Tucker-Kellogg”, Jeffrey Touchman', Ketan Patel’, Spyro Mousses°, 
Michael Bittner’, Richard Schevitz®, Mei-Huei T. Lai’, Kerry L. Blanchard? & James E. Thomas” 


Although AKT1 (v-akt murine thymoma viral oncogene homologue 1) kinase is a central member of possibly the most 
frequently activated proliferation and survival pathway in cancer, mutation of AKT7 has not been widely reported. Here we 
report the identification of a somatic mutation in human breast, colorectal and ovarian cancers that results in a glutamic acid 
to lysine substitution at amino acid 17 (E17K) in the lipid-binding pocket of AKT1. Lys 17 alters the electrostatic interactions 
of the pocket and forms new hydrogen bonds with a phosphoinositide ligand. This mutation activates AKT1 by means of 
pathological localization to the plasma membrane, stimulates downstream signalling, transforms cells and induces 
leukaemia in mice. This mechanism indicates a direct role of AKT1 in human cancer, and adds to the known genetic 
alterations that promote oncogenesis through the phosphatidylinositol-3-OH kinase/AKT pathway. Furthermore, the E17K 
substitution decreases the sensitivity to an allosteric kinase inhibitor, so this mutation may have important clinical utility for 


AKT drug development. 


AKT activation is driven by membrane localization initiated by 
binding of the pleckstrin homology domain (PHD) to phosphatidyl- 
inositol-3,4,5-trisphosphate (PtdIns(3,4,5)P3) or phosphatidylinosi- 
tol-3,4-bisphosphate (PtdIns(3,4)P2), followed by phosphorylation 
of the regulatory amino acids serine 473 (Ser 473) and threonine 308 
(Thr 308) (ref. 1). The pathological association of AKT with the 
plasma membrane is a common thread that connects AKT to cancer. 
The oncogenic behaviour of the Gag-AKT fusion protein from the 
murine leukaemia retrovirus AKT8 requires a membrane-targeting 
myristoylation signal—the first presumptive evidence that patho- 
logical membrane localization of AKT1 kinase activity could be 
transforming in mice’. The importance of AKT in human cancer is 
largely inferred from common recurring mutations in enzymes 
that produce or degrade short-lived second messenger phospholipids 
(for example, PtdIns(3,4,5)P3 or its metabolite, PtdIns(3,4)P2) and 
consequently indirectly activate AKT through membrane recruit- 
ment. Tumours from patients with breast and colorectal cancer 
frequently harbour activating somatic mutations in PIK3CA, the 
catalytic subunit of phosphatidylinositol-3-OH kinase (PI(3)K)— 
an enzyme that catalyses the production of D3-phosphorylated 
phosphoinositides**. In addition, the loss of phosphatase and tensin 
homologue (PTEN) lipid phosphatase activity in glioblastoma, pro- 
state and endometrial cancers by means of somatic mutations’, or in 
breast cancer by means of epigenetic silencing’, represents an 
alternative indirect mechanism for activating AKT by inhibiting 
the breakdown of PtdIns(3,4,5)P3; and PtdIns(3,4)P>. Finally, 
Cowden’s disease, an inherited cancer syndrome, results from germ- 
line mutations in the gene for PTEN’. Hence, AKT1 mainly seems to 
have a passive role in oncogenesis as an indirect intermediary 
between mutated upstream regulatory proteins and downstream sig- 
nalling molecules". 


The PHD has a critical regulatory role in AKT function, and dis- 
ruption of PHD function seems to be important in biology and 
disease. In Drosophila, cellular survival in the presence of high levels 
of PtdIns(3,4,5)P3 was only possible if the Drosophila AKT PHD was 
inactivated'’. Naturally occurring mutations in the PHD of Bruton’s 
tyrosine kinase interfere with phosphoinositide binding and result in 
X-linked agammaglobulinaemia in humans and X-linked immuno- 
deficiency in mice’’. Introduction of a homologous mutation into 
the PHD of AKT1—an arginine to cysteine substitution at amino 
acid 25 (AKT1(R25C))—results in a kinase that does not efficiently 
bind phosphoinositides, fails to localize to the membrane, and is not 
activated’. AKT1 does not efficiently transform cells in culture’, 
unless, like its retroviral homologue, it is targeted to the membrane 
by a myristoylation signal'®“*. Given the importance of AKT activa- 
tion in cancer, we initiated a study to determine whether mutations 
in AKT might exist in human cancer. We have identified a previously 
unknown mechanism for AKT 1-mediated transformation driven by 
a recurring mutation in the PHD of AKT1 that leads to pathological 
association of AKT1 with the plasma membrane and constitutive 
activation. 


Identification of a mutation in the PHD of AKT1 


We evaluated the complete coding regions of AKT family members 
for mutations in genomic DNA from clinical tumour specimens 
representing breast (n= 61), colorectal (n= 51) and ovarian (n= 
50) cancers. No genetic alterations were found in the catalytic 
domain of AKT1, AKT2 or AKT3 in breast, colorectal or ovarian 
clinical cancer specimens; however, further analysis of these samples 
revealed a unique mutation in the PHD of AKT1. A G>A point 
mutation at nucleotide 49 that results in a lysine substitution for 
glutamic acid at amino acid 17 (AKT(E17K)) was identified in 5 of 
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1 (8%) breast, 3 of 51 (6%) colorectal and 1 of 50 (2%) ovarian 
cancers (Supplementary Table 1 and Supplementary Fig. 1). DNA 
from normal adjacent tissue or white blood cells was sequenced to 
verify that the mutation is somatic (data not shown). The AKT1 
mutation is mutually exclusive with respect to mutations in 
PIK3CA and complete loss of PTEN protein expression (Supplemen- 
tary Table 1 and Supplementary Fig. 2). Although the sample size was 
insufficient to document statistical significance, the lack of coincid- 
ence of these mutations indicates that the AKT1 mutation is suf- 
ficient for pathological activation of the PI(3)K/AKT pathway. This 
mutation is not present in the Catalogue of Somatic Mutations in 
Cancer (COSMIC; http://www.sanger.ac.uk/genetics/CGP/cosmic/) 
and was not revealed in a recent report of large-scale sequencing of 
approximately 13,000 genes in breast and colorectal cancers”. 


E17K alters AKT1-PHD conformation 


The binding of phosphoinositides to the PHD activates AKT1. In the 
apo conformation, Glu17 occupies the phosphoinositide-binding 
pocket and forms a network of hydrogen bonds”. Entry of the 
PtdIns(3,4,5)P3 and PtdIns(3,4)P> inositol head groups disrupts this 
conformation, thus Glu 17 has a pivotal role in AKT1 activation’. 
We have solved the crystal structure of wild-type and E17K PHDs 
from human AKT] to 1.1 A and 1.9 A resolution, respectively, as well 
as the E17K PHD-Ins(1,3,4,5)P4 complex to 2.6 A resolution. In the 
apo conformation, acidic Glu 17 forms an ionic interaction with basic 
Lys 14 in the pocket” (Fig. 1a, the line represents the interaction); 
however, in the case of the Lys 17 substitution in E17K PHD, the 
positively charged Lys17 cannot interact with Lys 14 (Fig. 1b). 
Moreover, the Lys 17 substitution results in a shift in the surface 
charge around the pocket from negative with Glu 17 to effectively 
neutral in the mutant (Supplementary Fig. 3). To accommodate the 
inositol head group in the wild-type PHD, Glu 17 swings down and 
away (4.7A) from the pocket, as does Tyr 18 (Protein Data Bank 
code: 1UNQ). In the E17K PHD, Tyr 18 moves 7. 5A out of the 
pocket and forms a hydrogen bond with Lys 17. Additional hydrogen 
bonds form between Lys 17, a conserved water molecule and the 
5-phosphate and 6-hydroxyl of Ins(1,3,4,5)P,4 (Fig. 1c). Lys 17 could 
enhance the affinity or decrease the off-rate of D5-phosphorylated 
phosphoinositides for AKT1, or both. Notably, the PHD of phos- 
phoinositide-dependent protein kinase 1 (PDK1; also called PDPK1) 
contains a lysine at the position homologous to Glu17 in AKT1 
(ref. 22), and PDK1, unlike AKT1, shows higher affinity for 
PtdIns(3,4,5)P3 than for PtdIns(3,4)P, (refs 23-25). 


Activation of AKT1 by the E17K mutation 


To assess the effects of the E17K mutation on AKT1 regulation, we 
expressed Flag-tag-fused AKTI(WT), AKT1(E17K) or AKT1(R25C) 
in NIH3T3 cells. Unlike the R25C PHD, the E17K substitution 
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Figure 1| Lys 17 alters the apo and Ins(1,3,4,5)P,-complexed AKT1 PHD 
structure. a, In apo wild-type PHD, an ionic interaction between Glu 17 and 
Lys 14 (line) fills the binding pocket. b, E17K PHD apo with Lys 17 turned 
away from Lys 14. ¢, E17K PHD with Lys 17 involved in new hydrogen bonds 
(dashed lines) with a water molecule (orange sphere), interposed with the 
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resulted in an increased level of AKT phosphorylation on Thr 308 
and Ser 473 compared to wild-type (Fig. 2a, c, lower panel). After 
immunoprecipitation with a Flag antibody, AKT1(E17K) kinase 
activity was approximately fourfold higher than that of AKT1 
(WT), and AKT1(R25C) kinase activity was significantly lower than 
that of AKT1(WT) (Fig. 2b). In whole-cell lysates the expression 
levels of AKT1(WT), AKT1(E17K) and AKT1(R25C) were similar 
(Fig. 2c, lower panel), whereas the amount of AKT1(E17K) and 
AKT1(R25C) immunoprecipitated by the Flag antibody was slightly 
less than AKT1(WT) (Fig. 2c, upper panel). Nevertheless, the level of 
AKT1(E17K) in vitro kinase activity was significantly higher than that 
of AKT1(WT) or AKT1(R25C), indicating that the E17K substitution 
alters AKT1 regulation and enhances cellular activity. An increase in 
phosphorylation on the AKT substrate FKHRL1 was observed in 
AKT1(E17K)-transfected cells compared to either vector-transfected 
or AKT1(WT)-transfected cells under serum-starved conditions 
(Fig. 2d, lanes 4-6) or in confluent cultures (data not shown), but 
was not apparent in subconfluent cultures grown in 10% serum 
(Fig. 2d, lanes 1-3). These results indicate that AKT1(E17K) upre- 
gulates survival signalling under adverse conditions. 

The kinetic properties of purified AKT1(WT) and AKT1(E17K) 
were assessed in an in vitro kinase assay using a synthetic peptide 
substrate, “Crosstide’. Neither AKTI(WT) nor AKT1(E17K) had 
measurable in vitro kinase activity before activation by phosphoryla- 
tion (data not shown). After in vitro activation, the Michaelis con- 
stants (K,,) for both ATP and Crosstide (Supplementary Fig. 4a, b) 
were similar for AKTI(WT) and AKTI(E17K), indicating that 
the increased activity of AKT1(E17K) observed in cells is not 
because the mutation changes the biochemical properties of the 
kinase, but probably reflects the increased phosphorylation of 
AKT! induced by the E17K mutation in the PHD. We next examined 
the sensitivity of activated AKT1(E17K) to AKT1/2 inhibitor VII— 
an inhibitor that does not compete with ATP or peptide, but does 
require the PHD’. The half-maximal inhibitory concentrations 
(ICs values) for AKT 1/2 inhibitor VII for AKT1(E17K) and AKT1 
(WT) were 0.53 UM and 0.11 UM, respectively (Supplementary Fig. 
4c), whereas the ICs values for ATP-competitive inhibitors were 
nearly identical (data not shown). Hence, the E17K PHD mutation 
may result in structural changes in the PHD that alter its interaction 
with AKT 1/2 inhibitor VII. 


E17K alters the subcellular location of AKT1 


Translocation of a green fluorescent protein (GFP)—-AKT1 PHD 
fusion protein from the cytoplasm to the plasma membrane is 
dependent on growth-factor-stimulation of serum-starved cells”’. 
To determine whether the E17K mutation alters protein localization, 
we tracked the position of GFP-tagged wild-type PHD (GFP- 
PH(WT)) or GFP-tagged E17K PHD (GFP—PH(E17K)) chimaeric 
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D6-hydroxyl group, and the D5-phosphate of Ins(1,3,4,5)P4 (orange). Lys 17 
also forms a new hydrogen bond with the hydroxyl of Tyr 18. The D1- 
phosphate forms a hydrogen bond with the amide of Tyr 18, similar to the 
wild-type PHD. Distances shown are in angstroms. 
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Figure 2 | The E17K mutation increases AKT1 activation in NIH 3T3 cells. 
a, Immunoblots from cells transfected with vector, Flag-tagged AKT1(WT), 
Flag-tagged AKT1(E17K) or Flag-tagged AKT1(R25C). The arrow 
represents the position of AKT. b, Kinase activity of AKT1(WT), 
AKT1(E17K) or AKT1(R25C) immunoprecipitated with Flag antibody. 
Values were normalized against an IgG control and fold activity is expressed 
relative to AKT1(WT). Error bars, s.e.m. (n = 4, asterisk, P< 0.002 Tukey’s 
HSD). c, Immunoprecipitated Flag-tagged protein (Flag—IP) was 
immunoblotted with total AKT antibody (upper panel). Whole-cell lysates 
of AKT1(WT), AKT1(E17K) and AKT1(R25C) were immunoblotted for 
P-AKT (S473 or T308), Flag or B-actin (lower panel). d, Immunoblots of 
P-AKT and phosphorylated FKHRL1 (P-FKHRL1) in cells transfected with 
vector (lanes 1 and 4), AKT1(WT) (lanes 2 and 5) or AKT1(E17K) (lanes 3 
and 6). Cells were grown in 10% serum-supplemented media (lanes 1-3) or 
shifted into serum-free media for 24h, 48h after transfection (lanes 4-6). 


proteins by immunofluorescence. Under serum-starved conditions, 
GFP-PH(WT) was found in the cytoplasm and nucleus, but rapidly 
translocated to the plasma membrane on platelet-derived growth 
factor (PDGF) stimulation (Fig. 3a, and Supplementary Movie 1). 
In contrast, GFP—PH(E17K) was localized to the plasma membrane 
in the absence of serum stimulation and was only slightly stimulated 
by PDGF (Fig. 3a, and Supplementary Movie 2). A GFP-tagged R25C 
PHD (GFP-—PH(R25C)) was found throughout the cell, including the 
membrane and cytoplasm, and did not translocate to the plasma 
membrane on PDGF stimulation (Supplementary Movie 3). The 
PI(3)K inhibitor LY294002 inhibited PDGF-stimulated transloca- 
tion of GFP-PH(WT) to the plasma membrane; however, this inhib- 
itor had minimal effect on the localization of GFP—PH(E17K) either 
in the absence or in the presence of PDGF stimulation (Fig. 3a, and 
Supplementary Movies 4 and 5). The E17K mutation seems to abro- 
gate the requirement of the AKT1 PHD for D3-phosphorylated 
phosphoinositides for inducing membrane association, as GFP- 
PH(E17K) is still detected at the plasma membrane when membrane 
levels of PtdIns(3,4,5)P3 or PtdIns(3,4)P, are low’’. 

We next assessed the localization and activation of full-length 
AKTI(E17K) by biochemical fractionation of NIH3T3 cells that 
transiently express Flag-tagged AKT1(E17K). Western blot analysis 
revealed that both AKT1(WT) and AKT1(E17K) were found at the 
plasma membrane under serum-starved conditions, although the 
highest fraction of both proteins was in the cytoplasm (Fig. 3b). 
Under serum-starved conditions, the level of membrane-associated 
AKT phosphorylated at Thr 308 and Ser 473 (P-AKT) was more 
than 4.5-fold higher in the AKT1(E17K)-transfected cells than that 
in the AKT1(WT)-transfected cells (Fig. 3b, and Supplementary 
Fig. 5). The increased level of P-AKT Thr308 or Ser473 in 
AKTI1(E17K) compared to AKTI(WT) in the membrane fractions 
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of the serum-starved cells is not entirely caused by the nominal 
increase in the level of Flag tag detected in these lysates. Thus, 
the E17K mutation not only facilitates membrane localization but 
also results in increased phosphorylation of AKT in the absence of 
serum. PDGF stimulation of both AKT1(WT)-transfected and 
AKT1(E17K)-transfected cells activates AKT phosphorylation at 
Thr 308 and Ser 473 to nearly the same extent, which indicates that 
the mutation does not alter the normal physiological response to 
growth factors. Moreover, the results are consistent with the con- 
cept that AKT1 activation is linked to positional information””’, 
and indicate that the increased kinase activity associated with 
AKT1(E17K) may be owing to an increased presence at the plasma 
membrane. 


AKT1(E17K) transforms cells in culture 


To assess whether the E17K mutation is sufficient to transform, we 
infected Rat1 cells with retroviral constructs that encode Myr—AKT1, 
AKT1(WT) or AKT1(E17K). Foci developed on the AKT1(E17K) and 
Myr—AKT1 infected cells 15 d after cells were confluent (Fig. 4a, and 
Supplementary Fig. 6), and soft agar colonies were observed 25 d after 
initial infections (Fig. 4b). No foci were observed either on the control 
vector or on the control AKT1(WT) plates, nor were soft agar colonies 
detected on the control vector plates. Only five colonies were apparent 
on the AKT1(WT) plates. In contrast, the introduction of AKT1 
(E17K) and Myr—AKT1 resulted in generation of 43 and 61 colonies, 
respectively. These constructs contain a GFP reporter gene, and the 
soft agar colonies that were observed in these assays expressed GFP 
(Fig. 4c). We found increased levels of P-AKT Ser 473 and Thr 308 in 
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Figure 3 | The E17K mutation alters AKT1 cellular localization. a, Still 
images from Supplementary Movies demonstrating the localization of 
GFP-PHD in serum-starved GFP—PH(WT)-expressing and GFP—PH(E17K)- 
expressing NIH 3T3 cells stimulated with PDGF. Cells were serum-starved 
before being stimulated with PDGF or treated with LY294002 (20 11M). Cells 
were imaged at X63 magnification; the arrows highlight membrane 
localization. b, Immunoblot analysis of AKT1 localization by biochemical cell 
fractionation of NIH 3T3 cells transfected with AKT1(WT) (lanes 1, 3, 5 and 
7) or AKT1(E17K) (lanes 2, 4, 6 and 8). Eight or twenty-five micrograms of 
isolated cytoplasmic (cyto.) or membrane (mem.) proteins were loaded per 
lane, respectively. This result is representative of three identical experiments. 
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Figure 4 | Transformation of Rat! fibroblasts by AKT1(E17K). a, Monolayer 
background of Rat1 cells transduced with vector alone or AKT1(WT), and 
representative foci transduced by AKT1(E17K) or Myr—AKT1 retrovirus. 
Colonies were imaged (<4 magnification) approximately 15 d after 
becoming confluent. b, Representative images from parallel soft agar colony 
growth experiment with transduced cells from a. Colonies were imaged 29 d 
after initial infection. c, Detection of GFP expression in soft agar colonies 
(<4 magnification). d, Immunoblot analysis of isolated clones from foci 
formation plates (T308, arrow). 


several AKT1(E17K)-expressing or Myr—AKT1-expressing clones 
compared to control vector- or AKT1(WT)-infected cells (Fig. 4d), 
and sequence analysis confirmed the expression of each transgene, 
Myr—-AKT1, AKT1(WT) or AKTI(E17K), as expected for each clone 
(data not shown). The E17K mutation transforms cells in culture, 
consistent with our initial hypothesis that this mutation is oncogenic 
in human cancers. 


AKT1(E17K) induces leukaemia in mice 


Adoptive transfer of embryonic liver haematopoietic stem cells 
from the E,-Myc transgenic mouse (TgN(IgH—Myc)22Bri) (ref. 
29) modified to express the murine anti-apoptotic protein Bcl2, 
the eukaryotic initiation factor 4E (eIF4E) or Myr—AKTI1 rapidly 
induce B-cell lymphomas*’. We have used a similar system to gen- 
erate cancers that require the presence of the Myc transgene as well as 
a second oncogene. In our investigation, expression of human Myr-— 
AKT1, Bcl2 or eIF4E led to leukaemia rather than lymphomas (data 
not shown). The difference in cancer phenotype could be due to 
genetic variation in mouse colonies carrying the E,—Myc transgene”', 
or to our use of the human rather than the murine oncogenes. 

We investigated whether expression of the human AKT1(E17K) 
allele could induce leukaemia similar to Myr—AKT1. Cells from 
pooled embryonic E,—Myc livers were mock-transduced, or trans- 
duced with a retroviral vector that expresses AKT1(WT), Myr-AKT1 
or AKT1(E17K), in addition to a GFP reporter gene. Flow cytometry 
of nucleated peripheral blood cells showed increasing P-AKT Ser 473 
and/or GFP fluorescence signals over time in Myr—AKT1 and 
AKTI(E17K) animals; however, neither AKTI(WT) nor mock 
transduction animals showed any P-AKT Ser 473 or GFP above back- 
ground levels in C57BL/6J mice (Fig. 5a, b). All of the Myr—-AKT- 
transduced mice developed leukaemia, whereas six out of ten of the 
AKT(E17K) mice and none of the AKT1(WT) mice developed leuk- 
aemia. The fraction of mice that developed leukaemia (E17K versus 
wild-type) was statistically significant in both Wilcoxon and log-rank 
analysis (both P= 0.0041 and P= 0.047, respectively). The leuk- 
aemic cells from AKT1(E17K) mice were 20-30 um in diameter, 
had basophilic cytoplasm, and had nuclei with an irregular folded- 
to-cleaved morphology and generally inconspicuous nucleoli: 
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cytological characteristics of lymphoblasts (Fig. 5c). The E17K leuk- 
aemic blasts are slightly B220*, CD11b* and CD3_, consistent witha 
pre-pro-B-cell leukaemia, and express GFP and P-AKT Ser 473. In 
contrast, the Myr—AKT blasts are B220*, but CD11b- and CD3 , 
consistent with a more mature B-cell leukaemia. Expression of 
AKT1(E17K) and Myr—AKT was confirmed by sequence analysis of 
RNA from lysed nucleated cells (data not shown). 


Clinical implications 

AKT gene family members have been associated with cancer in 
humans by analysing gene copy number; especially prominent is 
the genetic amplification of AKT2 (refs 32, 33). AKT gene amplifica- 
tion was detected in a single gastric carcinoma out ofa screen of more 
than 225 diverse human malignancies™, and in 1 gliosarcoma out of 
103 malignant glial cancers**. Another study found that AKT1 kinase 
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Figure 5 | Timing and signature of AKT1(E17K)-driven leukaemia. 

a, Timing of leukaemia onset as determined by the appearance of discernible 
P-AKT (Ser 473)—GFP cells in blood of rescued lethally irradiated host 
animals. Myr—-AKT1 (n = 12, solid circles), AKT1(E17K) (n = 10, filled 
triangles), AKT1(WT) (m= 10, open squares) and mock transduction 

(n = 3, X) is shown. b, Representative flow cytometry results from leukaemic 
mice (AKT1(E17K) and Myr—AKT1) and non-leukaemic mice (Mock and 
AKT1(WT)) after staining for P-AKT(Ser 473). ¢, Stained blood smear from 
a representative AKT1(E17K) animal showing leukaemic blasts (< 100 
magnification). 
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activity was frequently elevated in several high-grade, late-stage can- 
cers; however, several of these cancers had corresponding elevations 
in PI(3)K or loss of PTEN expression, hence the mechanism for 
AKT1 activation is unclear’*. A comprehensive screen of human 
cancers for genetic mutations in the catalytic domains of 340 ser- 
ine/threonine kinases did not reveal any AKT1 mutations*’, nor did a 
specific screen of the kinase domains of AKT1, AKT2 or AKT3 (ref. 
36). In ref. 33, 2 mutations were found in AKT2 out of 204 colorectal 
cancer samples; however, the physiological role of these mutations 
was not reported. Here we provide direct evidence for the involve- 
ment of AKT1 in human cancer by means of structural, biochemical 
and biological studies. 

We have demonstrated the oncogenic potential of the E17K muta- 
tion, and have revealed detailed aspects of the molecular and cellular 
mechanisms of activation. This recurring mutation in a regulatory 
domain of AKT1 leads to structural alteration of the ligand-binding 
site, pathological membrane association, constitutive activation of 
the kinase, in vitro transformation, soft agar colony formation and 
leukaemia in mice. Whether this mutation provides prognostic sig- 
nificance in cancer, or is predictive of response to a particular ther- 
apy, is not known. One could surmise that how the PI(3)K/AKT 
pathway is activated may define whether a patient will respond to a 
particular therapy. Indeed, our studies show that the E17K mutation 
does not alter the sensitivity of AKT1 to ATP competitive inhibitors, 
yet does alter the sensitivity to an allosteric kinase inhibitor. 


METHODS SUMMARY 


Samples were obtained under approved human subjects institutional review and 
contained >60% cancer. Exons were amplified from genomic DNA, sequenced 
using BigDye terminator chemistry and separated on ABI DNA analysers. Centre 
d@’Etude du Polymorphisme Humain (CEPH) 1347-02 was the normal reference. 
Immunohistochemistry was performed using a BondMax autostainer. AKT1 
(E17K) and AKTI1(R25C) were generated by site-directed mutagenesis. 
pMSCV6-PGK/GFP and pMSCV6-Myr-AKT1-PGK/GEFP were derived from 
pMSCVneo”. Ecotropic retrovirus was generated in HEK293T. Flag-tagged 
AKT1 was purified on anti-Flag M2 agarose, confirmed by matrix-assisted laser 
desorption/ionization, and activated with mitogen-activated protein kinase- 
activated protein kinase 2 (MAPKAP K2) and PDK1. Kinase activity was deter- 
mined using K-LISA AKT activity kit. In the immunoprecipitation studies, 
NIH 3T3 cells were treated with lysis buffer, and lysates were mixed with anti- 
Flag antibody and protein G-sepharose. Phosphorylated AKT substrate was 
detected using anti-pPRAS40 (proline-rich AKT substrate) (Thr 246). Cell frac- 
tionation was performed as described” with minor modifications. Live-cell 
imaging was performed at X63 magnification on a Leica DMI6000B inverted 
microscope. For foci formation or anchorage-independent growth studies, Rat1 
cells were transduced with retrovirus. In the leukaemia induction studies, liver 
cells from C57BL/6] X C57BL/6JTg(IgH—Myc)22Bri/J embryos were transduced 
with retrovirus and injected into lethally irradiated C57BL/6J hosts. Co-crystals 
of apo AKT1(WT) PHD and AKT1(E17K) PHD, or AKTI(E17K) and Ins 
(1,3,4,5)P4, were grown from hanging drops in 0.1M HEPES (pH7.5) and 
1.4M sodium citrate, or in 0.1 M sodium acetate (pH 4.6), 0.2M ammonium 
acetate and 15-30% poly(ethylene glycol) 3350, respectively. Data were 
collected at the Argonne National Laboratory, Industrial Macromolecular 
Crystallography Association, beam line 17-ID. Antibodies were: anti-Flag 
(M2) and f-actin (AC-15); total AKT and P-AKT (Ser 473); P-AKT (Thr 308) 
and P-FKHRL1 (Thr 32); and «-tubulin (TU-02). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Clinical cancer specimens. Cancer specimens were obtained from ProteoGenex 
and the Indiana University School of Medicine, under appropriate and approved 
human subjects institutional review. Samples were quality controlled for suf- 
ficient mass and cancer content (>100 mg and >60% cancer); normal adjacent 
tissue or blood cells were analysed to verify somatic alterations. 

Genomic DNA mutational analysis. AKT1 (NM_005163) exons and adjacent 
splice sites were amplified from genomic DNA. Primer sequences and annealing 
temperatures are available on request. PCR amplicons were purified using 
AMPURE (Agencourt), sequenced using BigDye Terminator chemistry 
(Applied Biosystems) and separated on DNA analysers (ABI). Raw sequencing 
data were imported into Sequencher 4.2 (GeneCodes) for analysis. For each 
exon, normal CEPH sample 1347-02 germline DNA was sequenced and used 
as a reference along with the publicly available sequence. 
Immunohistochemical analysis of tumours. A tumour-specific tissue 
microarray was constructed from paraffin blocks of breast cancers. 
Immunohistochemistry with PTEN antibody clone 6H2.1 at 1:100 dilution 
(Cascade Biosciences) was performed on tumour-specific tissue microarray 
sections, with deparaffinization and antigen retrieval performed on-line 
using the BondMax autostainer (Vision Biosystems). Antibody staining 
was detected by Bond Polymer Refine Kit. Sections were visualized with 3,3'- 
diaminobenzidine, enhanced with copper sulphate and counterstained with 
haematoxylin. 

Plasmids and retrovirus production. Human full-length AKT1 was subcloned 
into pcDNA3.1 (Invitrogen) or modified pJB02 with the amino-terminal 
Flag tag. AKTI(E17K) and AKT1(R25C) were generated by site-directed 
mutagenesis. AKT1 PHD (amino acids 1-123) was subcloned into pEGFP-C1 
(Clontech) in which a six-residue N-terminal glycine linker had been 
inserted”. pMSCV6-PGK/GFP, pMSCV6-AKT1-PGK/GEP, pMSCV6- 
AKT1(E17K)-PGK/GFP, and pMSCV6-myr-AKT1-PGK/GFP were derived 
from pMSCVneo” (Clontech), with PGKeGFP replacing PGKneo. Murine 
Lck myristoylation sequence was fused to the N terminus of AKT1 to gene- 
rate Myr-AKT1. Ecotropic retrovirus was generated by co-transfecting 
pVPack-GP (Stratagene), pVPack-Eco (Stratagene) and pMSCV6-AKT1-PGK/ 
GFP or pMSCV6-myr-AKT1-PGK/GFP into HEK293T cells using FuGENE 6 
(Roche). 

Cells, transfections and antibodies. NIH 3T3 cells (ATCC) and Rat] cells (M. 
Marshall, Eli Lilly) were cultured in DMEM plus 10% calf serum or 10% fetal 
bovine serum (FBS), respectively, in 10% CO). Lysates from transiently trans- 
fected cells (Lipofectamine, Invitrogen) were prepared in lysis buffer consisting 
of 20 mM Tris buffer, 137 mM NaCl, 1mM EGTA, 1% Triton-X100, 10% gly- 
cerol, 1.5mM MgCl, 1mM sodium vanadate, 1 mM Pefabloc (Roche), 1 mM 
dithiothreitol, 10 1g ml“! leupeptin and 10 ug mI aprotinin. Antibodies used as 
probes in western blots were: anti-Flag (M2) and B-actin (AC-15) from Sigma; 
total AKT and P-AKT (Ser 473) from Cell Signaling; P-AKT (Thr 308) and anti- 
FKHRL1 (pThr 32) from Upstate Biosource International (UBI); and anti-o- 
tubulin (TU-02) from Santa Cruz Biotechnology. Quantification and statistical 
analysis were with Total Lab software (Nonlinear Dynamics) and JMP 5.1 soft- 
ware (SAS Institute, Inc), respectively. 

Kinetic constants and enzyme activity. Flag-tagged AKT1 constructs were 
expressed in HEK293E cells and protein purified by anti-Flag M2 agarose col- 
umn (Sigma). Purified fractions were pooled, and AKT1 confirmed by matrix- 
assisted laser desorption/ionization. Flag-tagged AKT1 was activated with 
MAPKAP kinase 2 and PDK1 kinase (UBI). Kinetic constants and kinase activity 
in the presence of AKT1/2 inhibitor VIII (Calbiochem) were determined using 
the K-LISA AKT activity kit (Calbiochem). 
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Immunoprecipitation and kinase assay. Transfected NIH 3T3 cell lysates were 
mixed with anti-Flag antibody and protein G-sepharose. The beads were washed 
with lysis buffer and then divided for western blot analysis and AKT activity 
assays. For the activity assay, the beads were washed in K-LISA reaction buffer 
before re-suspending in 20 pl of 5 X K-LISA kinase buffer, 20 pul enzyme dilution 
buffer, 0.2 ug AKT substrate PRAS40 (Biomol) and 20 pl ATP/MgCl, mix (final 
concentration, 200 1M ATP and 15mM MgCl,). Reactions were carried out at 
30 °C for 30 min. Phosphorylated PRAS40 was detected with the PRAS40 ELISA 
lat (Calbiochem) using anti-pPRAS40 (Thr 246) (UBI). 

Cell fractionation. Transfected NIH 3T3 cells were serum-starved before stimu- 
lation with 30ngml"' PDGF for 10 min. Cell fractionation was performed as 
described previously with the following modifications**: cells were washed with 
PBS supplemented with 200nM sodium vanadate, membrane pellets were 
washed once with hypotonic buffer, and membrane pellets were solubilized in 
lysis buffer. Purity of the membrane fraction was assessed by western blot ana- 
lysis with o-tubulin. 

Live-cell imaging. NIH 3T3 cells were plated on cover glasses, transfected and 
serum-starved. Cells were pre-treated with LY294002 (Calbiochem) at 37 °C for 
10min and/or stimulated with 37°C equilibrated PDGF (30ng ml) media. 
Cells were imaged every 30s using a Leica DMI6000B inverted microscope 
and analysed with FW4000 image acquisition software (Leica). 
Transformation studies. Rat! cells were transduced with titred viral supernatant 
plus 81g ml"! diethylaminoethyl dextran hydrochloride (Fluka). Seventy-two 
hours after transduction, cells were split into 100-mm dishes for foci formation 
or for anchorage-independent growth by seeding 5 X 10* cells per 60-mm Petri 
dish in 0.33% Bacto agar, 6.7% Bacto tryptose phosphate broth (Becton— 
Dickinson), 10% FBS and DMEM. Brightfield and fluorescent images were taken 
on an inverted Nikon microscope fitted with a Spot camera. 

Mouse leukaemia model. Single-cell suspensions were derived from livers of 
embryonic day (E)16.5-E18.5 embryos from C57BL/6) X C57BL/6JTg(IgH— 
Myc)22Bri/J matings. Freshly isolated cells were placed in haematopoietic stem 
cell media (Iscove’s modified Dulbecco’s media with t-glutamine, 25mM 
HEPES, 55 uM 2-mercaptoethanol, penicillin/streptomycin, 20% FBS, and the 
following recombinant murine proteins: 2ng ml! interleukin-6, 100ngmI 
stem cell factor, 100ng ml"! thrombopoietin and 100 ng mI fms-like tyrosine 
kinase-3 ligand) and transduced with fresh or frozen retroviral supernatants of 
various constructs in the presence of 8 jg mI diethylaminoethyl dextran hydro- 
chloride for 4h. Approximately 3 X 10° cells were injected into lethally irradiated 
C57BL/6] hosts (700 rad followed at 3h by 400 rad). 

For the P-AKT-GFP assay, nucleated cells from the blood of rescued animals 

were fixed, permeabilized and stained with anti-P-AKT Ser 473 antibody (Cell 
Signaling) according to the manufacturer’s recommended protocol. Flow cyto- 
metry was performed on cells following a secondary stain with R-phycoerythrin- 
conjugated anti-rabbit Ig antibody (BioSource). 
Crystallography studies. Crystals of AKTI(WT) PHD apo and AKT1(E17K) 
PHD apo were grown in 0.1M HEPES pH7.5 and 1.4M sodium citrate for 
one week (80 X 80 X 100 ttm). Co-crystals of AKT1(E17K) and Ins(1,3,4,5)P4 
were grown in 0.1M sodium acetate (pH 4.6), 0.2M ammonium acetate and 
25 + 5% poly(ethylene glycol) 3350 for one week (80 X 80 X 100 um). Crystals 
were grown from hanging drops and frozen in liquid nitrogen with the cryo- 
protectant 25% glycerol. Data were collected at the Argonne National 
Laboratory, Industrial Macromolecular Crystallography Association, beam line 
17-ID at l1lambda and 100K. Ramachandran statistics for E17K_APO and 
E17K_P,-inositol are as follows: residues in favoured regions, 93.9, 87.6; addi- 
tional allowed regions, 4.0, 10.5; generously allowed regions, 1.0, 1.0; and dis- 
allowed regions, 1.0, 1.0, respectively. Crystallography figures were generated 
using the program PyMol (http://www.pymoLorg). 
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Non-transcriptional control of DNA 
replication by c-Myc 


David Dominguez-Sola’*, Carol Y. Ying'*, Carla Grandori’+, Luca Ruggiero’, Brenden Chen', Muyang Li’, 
Denise A. Galloway”, Wei Gu’, Jean Gautier’* & Riccardo Dalla-Favera'* 


The c-Myc proto-oncogene encodes a transcription factor that is essential for cell growth and proliferation and is broadly 
implicated in tumorigenesis. However, the biological functions required by c-Myc to induce oncogenesis remain elusive. Here 
we show that c-Myc has a direct role in the control of DNA replication. c-Myc interacts with the pre-replicative complex and 
localizes to early sites of DNA synthesis. Depletion of c-Myc from mammalian (human and mouse) cells as well as from 

Xenopus cell-free extracts, which are devoid of RNA transcription, demonstrates a non-transcriptional role for c-Myc in the 
initiation of DNA replication. Overexpression of c-Myc causes increased replication origin activity with subsequent DNA 

damage and checkpoint activation. These findings identify a critical function of c-Myc in DNA replication and suggest a novel 


mechanism for its normal and oncogenic functions. 


Since its identification as the cellular homologue of the avian mye- 
locytomatosis virus oncogene (v-Myc)'”, the c-Myc proto-oncogene 
has emerged as a critical regulator of cell growth and one of the genes 
most frequently altered in cancer’. c-Myc encodes a DNA-binding 
factor (hereafter called Myc) that can activate and repress RNA tran- 
scription. Via this mechanism, Myc regulates the expression of an 
unusually large number of target genes involved in the control of key 
cellular functions including cell growth and cell cycle progression* >. 

Multiple transcriptional and post-transcriptional control mechan- 
isms ensure tight control of Myc protein levels in cycling cells. 
Deregulated Myc expression, as a result of different types of genetic 
alterations, leads to its constitutive activity in a variety of cancers*° 
and promotes oncogenesis, as demonstrated in different cell types 
and in transgenic mice'®. However, the biological functions critical 
for Myc-induced oncogenesis have not been identified. Myc may 
contribute to tumorigenesis by overstimulating cell growth and 
metabolism, and/or by causing genomic instability'’. The latter effect 
has been attributed to the ability of Myc to induce DNA damage, 
promote gross chromosomal rearrangements, induce inappropriate 
cell cycle progression and impair DNA repair. However, the mech- 
anistic basis of these effects is only partially characterized'’. 

Our results suggest an alternative mechanism by which Myc can 
regulate proliferation in normal cells and cause genomic instability 
in tumours, by controlling DNA replication. Initiation of DNA 
replication requires coordination between the stepwise assembly of 
the pre-replicative complex at replication origins during late mitosis 
and early G1, the regulated activation of these origins at the G1/S 
transition’, and epigenetic events such as chromatin remodelling”. 
Alterations of this space- and time-controlled process can lead to 
unscheduled DNA synthesis, checkpoint activation, genomic instab- 
ility and/or cell death’’. A role for Myc in DNA replication has been 
proposed’®, but it was thought to depend on its capacity to regulate 
the transcription of cell-cycle-related genes'®. We now show that 
Myc controls DNA replication origin activity through a non- 
transcriptional mechanism. When deregulated, Myc generates 
DNA replication stress and DNA damage. 


Myc interacts with the pre-replicative complex 

Myc-containing protein complexes were isolated by affinity puri- 
fication from a human tumour cell line that stably expresses a 
double-tagged (haemagglutinin (HA) and Flag) form of Myc (Sup- 
plementary Fig. 1a). Peptide microsequencing by mass spectrometry 
identified MCM5 and MCM7, among other proteins, as candidate 
Myc-associated proteins (Fig. la, arrowhead, and Supplementary 
Table 1). 

Minichromosome maintenance (MCM) proteins are part of the 
pre-replicative complex, a multiprotein complex essential for the 
assembly and activity of DNA replication origins'’. Indeed, all 
MCM2-MCM7 subunits, ORC2, Cdc6 and Cdtl, were present in 
the affinity-purified Myc complex (Fig. 1b), consistent with a 
recent report on the interaction of Myc with MCM2 and MCM7 
(ref. 17). In contrast, proteins involved in DNA replication elonga- 
tion (MCM10, RPA and PCNA; Fig. 1b) were absent. The physio- 
logical nature of these interactions was validated in various native 
cell lines (Fig. 1c, 1d and data not shown). The interaction with 
pre-replicative complex components was also observed with 
N-Myc (Supplementary Fig. 1b). Other proteins forming complexes 
with Myc, such as TRRAP'’, were not found in this Myc and 
pre-replicative-complex-associated complex, whereas small, non- 
stoichiometrical amounts of Max (Myc-associated factor X) were 
detectable. 

Myc and pre-replicative complex proteins co-sedimented in 
high molecular mass fractions (~1.7 MDa) after glycerol density 
gradient sedimentation and size-exclusion chromatography of 
Myc-bound protein complexes (Fig. le, fractions 4-8, and Sup- 
plementary Fig. 1c). Notably, Myc was also present in a distinct set 
of fractions that contained the majority of Max protein that co- 
purified with this complex (Fig. le, fractions 20-22). These fractions 
also contained MCM5, which might be involved in other trans- 
criptional complexes’. Overall, these results identify a novel Myc- 
associated complex in mammalian cells that contains pre-replicative 
complex components and thus suggests a direct role of Myc in DNA 
replication. 


‘Institute for Cancer Genetics, Department of Genetics and Development and Herbert Irving Comprehensive Cancer Center, Columbia University Medical Center, New York, New York 
10032, USA. “Division of Human Biology, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109, USA. +Present address: Rosetta Inpharmatics, Merck, Seattle, 


Washington 98109, USA. 
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Myc binds a DNA replication origin 

To investigate the role of Myc in DNA replication, we first compared 
the distribution of Myc and sites of DNA synthesis in mammalian 
cells. Primary human foreskin fibroblasts (HFFs) were synchronized 
in S phase and pulse-labelled with 5-bromodeoxyuridine (BrdU) to 
visualize DNA synthesis foci (Fig. 2a). Immunofluorescence analysis 
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Figure 1| Myc interacts with the pre-replicative complex in mammalian 
cells. a, Coomassie-stained SDS—PAGE gel of an HA—Myc—Flag complex 
purified from H1299 cells. Arrows indicate Myc and Max. The arrowhead 
shows the region where MCM5 and MCM 7 were isolated. Labels on the right 
side correspond to the polypeptides listed in Supplementary Table 1. 

b, Western blot of the complex shown in a, probed with the indicated 
antibodies. c, d, Co-immunoprecipitation from native H1299 cells using 
anti-Myc or control antibodies (¢) or anti-ORC6 or control antibodies 

(d). The asterisk indicates a nonspecific band. e, HA—Myc—Flag-associated 
complex (a) resolved in a 25-75% glycerol gradient and analysed by western 
blot. We estimate that ~2% of the pre-replicative complex proteins are 
associated with Myc in this complex. 
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using an anti-Myc antibody (Supplementary Fig. 2a) demonstrated a 
significant degree (40%) of co-localization between BrdU foci and 
Myc in early S phase (Fig. 2a, Supplementary Fig. 2b and Supplemen- 
tary Movies). The degree of overlap between Max and BrdU foci, 
although lower, was also significant (Fig. 2a). In contrast, c-Jun, 
which has a punctate nuclear distribution, did not co-localize with 
BrdU (Fig. 2a and Supplementary Fig. 9b). 

Because Myc and BrdU co-localization was limited to early S phase 
(Supplementary Fig. 2b), we proposed that Myc might be present at 
or near replication origins. We used chromatin immunoprecipita- 
tion (ChIP) experiments in human primary and tumour cell lines to 
validate this hypothesis (Fig. 2b and Supplementary Fig. 3). We 
selected an origin that is not a direct target of Myc-mediated tran- 
scriptional activation (c-Myc itself)”°*’ and an origin that has been 
finely mapped (lamin B2)” and for which no evidence of transcrip- 
tional responsiveness to Myc has been documented. Myc and Max 
were detected at both the 5’ PO—-P1 promoter regions in the c-Myc 
gene” (Fig. 2b), and the lamin B2 origin (Supplementary Fig. 3b, c). 
ORC2 binding was also detected at the same sites (Supplementary 
Fig. 3a), further suggesting that Myc binding might occur at or in 
close proximity to these origins, although the extent of this correla- 
tion remains unclear due to the small number of testable origins. 


Non-transcriptional control of DNA replication by Myc 


Conditional inactivation of Myc precludes the G1/S transition and 
causes subsequent entry in GO (ref. 24); transient RNA interference 
(RNAi)-based depletion of Myc in cell lines caused inhibition of 
DNA replication, followed by G1 arrest (Supplementary Fig. 4). 
These results might reflect a lack of transcriptional induction of 
S-phase-promoting factors by Myc, or the absence of Myc association 
with the replication apparatus, as suggested by our results. To dis- 
criminate between these possibilities, we used an experimental strat- 
egy (Fig. 3c and Supplementary Fig. 5a) based on the observation that 
G1 cells initiate DNA synthesis when fused to S-phase-synchronized 
cells” that provide S-phase-promoting factors required for the G1/S 
transition, including cyclin-cdk complexes. The presence of cyclo- 
heximide before and during this procedure ensured that the outcome 
relied solely on the activity of proteins present in the cells before 
fusion. Fusion of S-phase donor HeLa cells to 3T9 mouse fibroblasts 
containing a conditionally excisable allele of Myc (v-sre*, c-myc’! )*4 
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Figure 2 | Myc co-localizes with early DNA synthesis foci and binds the 
Myc gene replication origin. a, HFFs were synchronized in GO, re-plated at 
low density and fixed 14-16 h after a short BrdU pulse (early S phase). Co- 
localization between Myc, Max, c-Jun (all fluorescein isothiocyanate (FITC), 
green) and BrdU (TRITC, red) foci was determined by deconvolution 
microscopy. ‘IgG’ denotes the FITC-conjugated secondary antibody. 
Pearson’s correlation indexes between FITC/TRITC signals (10 cells, 100 
foci) are indicated below. b, Chromatin immunoprecipitation (H1299 cells) 
and at the human c-Myc gene. Left panel: map depicting the location of 
relevant regions and PCR probes. Coloured boxes, non-canonical E-boxes. 
Right panel: ethidium bromide staining of PCR products. 
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allowed us to examine whether DNA replication can occur in an 
S-phase environment in the absence of Myc (Fig. 3 and Supplemen- 
tary Fig. 5). Upon recombination-induced c-myc gene deletion, these 
3T9 cells arrest in early G1 and DNA synthesis is inhibited™*. Cell 
fusion in the absence of new protein synthesis allowed the S-phase- 
promoting factors of HeLa cells to shuttle within each heterokaryon, as 
shown for human cyclin E (Fig. 3a). This promoted DNA replication in 
the early G1 mouse c-myc*'~ nuclei, but was not sufficient to trigger 
replication in G1 c-myc '~ nuclei (Fig. 3d, e). Early G1 c-myc *’~ and 
c-myc —'~ cells lacked expression of S-phase proteins and expressed 
comparable levels of pre-replicative complex components (Fig. 3b and 
Supplementary Fig. 5e). These observations suggest that Myc controls 
DNA replication initiation in mammalian cells at least in part through 
a non-transcriptional mechanism operating in Gl. 

To obtain definitive evidence for a non-transcriptional role of Myc 
in DNA replication, we took advantage of Xenopus cell-free extracts, 
which support cell-cycle-regulated, semi-conservative chromosomal 
DNA replication in the absence of transcription and new protein 
synthesis*®. Particularly, a Xenopus soluble, nuclear-free system 
(HSS/NPE)” allows for independent evaluation of events preceding 
and subsequent to the initiation of DNA synthesis. In this system, 
DNA synthesis of templates assembled in cytosolic high-speed super- 
natant (HSS) is triggered by the addition of nucleoplasmic extracts 
(NPE) containing the S-phase-promoting factors required to pro- 
mote DNA replication. Using antibodies raised against both Xenopus 
c-Myc homologues (Myc I and Myc II, hereafter called XMyc; 
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Supplementary Fig. 6), immunodepletion of XMyc from HSS (Fig. 
3f) resulted in an 80% decrease in nucleotide incorporation into 
genomic DNA (Fig. 3g, lanes 1 and 2). This replication defect was 
fully rescued by addition of recombinant XMyc protein to XMyc- 
depleted HSS before NPE addition (Fig. 3g, lane 3). In contrast, no 
rescue was attained by the addition of truncated forms of XMyc 
lacking either the amino-terminal 140 residues (KMycATAD), or 
the DNA binding and dimerization domains (residues 337-420) 
(XMycACT) (Fig. 3g, lanes 4 and 5). Notably, when recombinant 
XMyc was supplemented at the time of NPE addition, rescue of 
replication was not achieved (Fig. 3g, lane 6 versus lane 3). Overall, 
these results demonstrate that Myc has a non-transcriptional role in 
the control of normal DNA replication initiation, and suggest that 
Myc executes its role before the action of S-phase-promoting factors 
in both Xenopus and mammalian systems. 


Myc modulates DNA replication origin activity 


Initiation of DNA replication is the final outcome of a poorly under- 
stood process, by which a fraction of all the potential replication 
origins is selected and subsequently activated to fire in each cell 
cycle’. Analysis of chromosomal replication kinetics in Xenopus 
cell-free extracts showed that XMyc depletion caused a major delay 
in the completion of full genome replication (Fig. 4a and Sup- 
plementary Fig. 7). To examine whether this result reflects a defect 
in replication origin activity (number of origins generating replica- 
tion forks), or defects in the processivity of DNA synthesis (slow 
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Figure 3| Myc is required for efficient DNA replication and proper origin 
specification in the absence of transcription. a, Cyclin/Cdk shuttles within 
human/mouse heterokaryons. Isolated heterokaryons were stained with a 
human-specific antibody against cyclin E. Arrow, 3T9 mouse nuclei within 
the heterokaryons uptaking cyclin E; arrowhead, isolated 3T9 cells, devoid of 
cyclin E. Mouse (3T9) and human (He) nuclei exhibit distinct 4,6- 
diamidino-2-phenylindole (DAPI) staining patterns. b, Western blot 
analysis of selected proteins in whole-cell lysates from the indicated cells 
before cell fusion. CHX, cycloheximide; asterisk, nonspecific band in HeLa 
cells. c, Experimental scheme for the cell fusion experiments (see also 
Supplementary Information). d, Representative images of heterokaryons 


identified in the screen for replication rescue, summarized in e. e, Average of 
cell fusion experiments. More than 70 heterokaryons were counted and 
classified according to the patterns shown in d. The P value (y” analysis) is 
shown below. Error bars indicate s.d. f, Western blot analysis of mock- or 
XMyc-depleted Xenopus cell-free extracts. g, Replication assay in the 
Xenopus HSS/NPE system. Genomic DNA was extracted at 90 min and 
incorporated *?P was quantified by PhosphorImager. Recombinant XMyc 
proteins (50 nM) were added to XMyc-depleted HSS extracts (lanes 3-5) or 
to NPE (lane 6) as indicated. A representative autoradiograph is shown. An 
average of three experiments is shown in the graph below. Error bars indicate 
s.d. Bottom panel: western blot analysis of recombinant XMyc protein levels. 
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progression of these replication forks), we monitored the progres- 
sion of replication forks in Xenopus extracts by analysing nascent 
replication products formed after release from synchronization 
(Fig. 4b). Depletion of XMyc caused a significant decrease in the 
number of active replicons (Fig. 4b, upper panel), consistent with 
the decrease in overall replication described above (Figs 3g and 4a). 
However, replication fork progression was not affected, as demon- 
strated by similar elongation rates in both mock- and XMyc-depleted 
extracts (Fig. 4b, bottom panel). This observation establishes that the 
slow replication kinetics observed upon XMyc depletion probably 
reflect defective replication origin activity, and suggests that the 
absence of Myc before DNA replication initiation prevents activation 
of replication origins. In both Xenopus and mammalian systems, 
active origins are selected among all assembled pre-replicative com- 
plexes before the initiation of DNA synthesis’*. Because XMyc immu- 
nodepletion from Xenopus extracts, as well as RNAi-mediated Myc 
depletion in mammalian cells, did not prevent the loading of pre- 
replicative complex components to chromatin, nor their localization 
to the lamin B2 replication origin (Supplementary Fig. 8), we pro- 
pose that Myc may affect origin activity by influencing a step sub- 
sequent to pre-replicative complex assembly, possibly during origin 
selection. 
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To strengthen these observations, we examined the effect of Myc 
protein overexpression on origin activity. Expression of exogenous 
Myc in primary fibroblasts caused a significant increase in the 
number of DNA synthesis foci in early S phase as detected by BrdU 
labelling, consistent with an increase in the number of active repli- 
cons (Fig. 4e and Supplementary Fig. 9a). BrdU foci co-localized with 
exogenous Myc protein (Supplementary Fig. 9b), and were not affec- 
ted by o-amanitin, a specific inhibitor of RNA-polymerase-II- 
mediated RNA synthesis”* (Fig. 4e, f), indicating that this effect did 
not require transcriptional activity. Precocious onset of DNA syn- 
thesis was also observed in Xenopus extracts on addition of recom- 
binant XMyc, with a dose-dependent increase of replicated DNA 
at early time points (Figs 4c, d and 5c). Notably, this replicative 
burst was accompanied by an >8-fold increase in the amount of 
chromatin-bound Cdc45 (Fig. 4d), a direct indication of the number 
of active origins”’. This effect was also observed in mammalian cells 
on transient Myc overexpression (Fig. 4g, h). Thus, Myc deregulation 
leads to an aberrant increase in the number of active replicons owing 
to unscheduled origin activation by means of a non-transcriptional 
mechanism. Together with the results obtained through Myc deple- 
tion, these observations demonstrate that Myc regulates DNA rep- 
lication origin activity. 
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Figure 4 | Relationship between Myc protein levels and the number of 
active DNA replication origins. a, Replication reactions in mock- and 
XMyc-depleted Xenopus cell-free extracts were stopped at the indicated time 
points and quantified. An average of three experiments is shown (+s.d.). 
b, Electrophoretic analysis of nascent replication products on Ara-C- 
induced synchronization of depleted Xenopus extracts (top panel). Bottom 
panel: average size of replication products plotted over time to indicate 
elongation rates (best-fit curves). dCTP, deoxy-cytidine triphosphate. 

c, Replication reactions in Xenopus extracts, supplemented with increasing 
amounts of XMyc, were stopped at 60 min and analysed. d, Top panel: 
replication reactions in Xenopus extracts assembled in the presence or 
absence of XMyc and analysed after 40 min. Bottom panel: western blot 
analysis of corresponding chromatin fractions. Chromatin-bound Xenopus 
Cdc45 was quantified using Scion software and normalized to Xenopus 
MCM6. e, Analysis of BrdU foci unclear distribution in synchronized WI38 
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fibroblasts (Myc-ER or empty vector). o-Amanitin (2 1g ml _') or buffer was 
added 30 min before tamoxifen (4-OHT) exposure and BrdU labelling (see 
scheme in Supplementary Fig. 10). f, Quantification of the experiment 
shown in e. Nuclear BrdU intensity is the sum of all BrdU spots. The 
threshold is set above 3 s.d. from background. Asterisk, P< 0.05, based on a 
two-sided Student’s t-test. Each dot is the sum intensity of one cell. pB, 
empty vector; T, tamoxifen; A, “-amanitin. g, Transiently transfected H1299 
cells (GFP with or without c-Myc cDNA), synchronized in G1/S and released 
to S phase in the presence of **P orthophosphate. After 3h, DNA was 
isolated and incorporated nucleotides quantified by scintillation counting. 
Bottom panel: western blot analysis of whole-cell lysates from the same cells. 
h, H1299 cells were co-transfected with an HA-tagged Cdc45 cDNA and 
empty vector or c-Myc cDNA. On synchronization, cells were collected in S 
phase and chromatin fractions (CHR) or whole-cell extracts (WCE) resolved 
by SDS-PAGE and analysed by western blot. 
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Myc causes DNA damage by inducing replication stress 
Unscheduled origin firing is a source of replication stress, which in 
turn may generate DNA damage. Addition of recombinant XMyc to 
replicating Xenopus extracts caused a fivefold increase in histone 
H2A.X Ser 139 phosphorylation (y-H2A.X) in chromatin fractions, 
an indicator of aberrant DNA structures and damage”! (Fig. 5a, 
lanes 1 and 2). y-H2A.X levels were maximal when genome replica- 
tion was close to completion, suggesting that it might accumulate 
during replication (Supplementary Fig. 11a). This effect was specif- 
ically prevented by geminin (Fig. 5a, lanes 3 and 4), which blocks 
MCM loading and DNA synthesis”, indicating that XMyc-induced 
DNA damage requires active DNA replication. These results show 
that deregulation of XMyc can generate replication-dependent DNA 
damage in the absence of transcription. Depletion of DNA polymer- 
ase o (Fig. 5b, top panel), which is not involved in DNA repair 
processes*’, abrogated the XMyc-dependent increase in nucleotide 
incorporation (Fig. 5b, lower panel), suggesting its association with 
replication rather than DNA repair. 

Kinetic analysis in Xenopus extracts showed that after the initial 
replicative burst, XMyc, but not replication-incompetent XMyc 
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truncated proteins, led to a precocious arrest in DNA synthesis 
(Fig. 5c, 90-180 min; see also Fig. 5d). The replication arrest was 
abrogated by the addition of caffeine, an ATM/ATR inhibitor 
(Fig. 5d, lanes 6, 7), and partially reverted by a specific ATM inhibi- 
tor or a selective Chk] inhibitor, but not by a DNA-PK inhibitor 
(Supplementary Fig. 11b, c). Caffeine addition also abrogated the 
appearance of y-H2A.X (data not shown). Deregulation of XMyc 
triggered phosphorylation of Xenopus ATM at Ser 1981 before stal- 
ling of DNA synthesis (Fig. 5e). Thus, overexpression of XMyc acti- 
vates an ATM/ATR-Chk1l-dependent checkpoint, coincident with 
the appearance of replication-dependent DNA damage. Given that 
ATM and ATR signalling pathways monitor and negatively regulate 
origin activity to control origin density”, these observations indicate 
the existence of crosstalk between Myc and ATM/ATR in the control 
of origin activity, which might provide an explanation for the nature 
of Myc-dependent ‘oncogenic stress’. 

Consistent with these observations, transient Myc deregulation 
caused an increase in y-H2A.X primarily during S phase in synchro- 
nized mammalian cells (Fig. 5f). This effect was abrogated when 
S-phase entry was blocked by the addition of aphidicolin (Fig. 5f, 
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Figure 5 | Myc deregulation induces replication-dependent DNA damage. 
a, Replication reactions in Xenopus extracts, assembled in the presence or 
absence of XMyc (75 nM) and geminin, were stopped at 120 min (top panel). 
Middle panel: western blot analysis of chromatin fractions. Chromatin- 
bound y-H2A.X was quantified by Scion software and normalized to histone 
H3 (graph). b, Immunodepletion of DNA polymerase « (Pol «) from 
Xenopus extracts (top panel). Replication reactions were then assembled 
with buffer or XMyc (30 nM) (middle panel) and quantified. The graph 
shows an average of three experiments (+s.d.). ¢, Replication reactions 
assembled in Xenopus extracts in the presence or absence of XMyc. Samples 
taken at indicated time points were quantified (average of two experiments, 
+s.d.; top graph). The bottom graph shows fold change between control (set 
at 1) and XMyc-treated extracts. d, Replication reactions in Xenopus extracts 
performed in the presence or absence of XMyc (wild type (WT) and mutants, 
75 nM, lanes 1-4), or 5 mM caffeine (lanes 5-7). Reactions were analysed 
after 120 min. The graph shows the average of three experiments (+s.d.). 


WT a-Myc 


e, Western blot analysis of cytosolic fractions from replication reactions 
performed in the presence or absence of XMyc for 20 min, and probed with 
phospho-specific anti-ATM antibodies. f, Mammalian U20S cells 
transfected with Myc and synchronized by nocodazole (G1, G2) or 
thymidine (S) blocks. Where indicated, aphidicolin (2.5 UM) was added to 
prevent S-phase entry. FACS profiles depict cell cycle status at collection. 
Bottom panel: western blot analysis of whole-cell lysates. g, Analysis of 
y-H2A.X distribution in splenic B cells from A-Myc mice and wild-type 
littermates. Top panel: immunofluorescence analysis for geminin and 
y-H2A.X distribution. Numbers identify cells within the images; arrows 
indicate cells with nuclear geminin (S/G2). The graph shows cell cycle 
distribution (based on geminin staining) and quantification of cells with 
nuclear y-H2A.X foci within these subpopulations (average of two 
experiments (+s.d.), n > 1,000). A western blot analysis on whole-cell 
lysates from both B-cell populations is shown (bottom right panel). 
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lanes 7, 8) or thymidine (data not shown). Most notably, phosphor- 
ylation of Chk! at Ser 345 was only observed on Myc deregulation in 
S phase (Fig. 5f, lane 6), suggesting that, as in Xenopus, Myc-induced 
damage in mammalian cells is S-phase-dependent. 

To validate these observations in a physiological context, we mon- 
itored the appearance of y-H2A.X in murine splenic B cells isolated 
from a transgenic mouse carrying a deregulated Myc allele (A-Myc)”. 
We found that Myc deregulation was associated with the appearance 
of y-H2A.X (Fig. 5g, bottom right panel) and other DNA markers of 
the DNA damage response pathway (phospho-ATM and phospho- 
Chk1, data not shown), as well as with geminin expression, an 
indicator of the S and G2 phases of the cell cycle**. Notably, immu- 
nofluorescence analysis showed that y-H2A.X foci preferentially 
occur in geminin-positive cells in A-Myc mouse B cells (that is, 
S/G2), whereas no geminin-positive cells showed evidence for 
y-H2A.X foci in cells from wild-type mice (Fig. 5g). Taken together, 
our observations suggest that Myc-induced DNA damage requires 
S-phase progression in both the Xenopus and mammalian systems, 
and occurs, at least in part, as a consequence of deregulated Myc 
activity on DNA replication. 


Discussion 


It was previously proposed that Myc promotes G1/S transition and 
DNA replication through the transcription of factors promoting 
S-phase entry and/or cell growth**. Our results indicate that Myc 
control of DNA replication is not dependent on its transcriptional 
activity in both Xenopus extracts and mammalian cells. Nonetheless, 
transcriptional regulation of critical target genes may also be an 
important component of the overall role of Myc in regulating 
DNA replication initiation. Notably, the transactivation domain of 
Myc is required to control both DNA replication initiation and tran- 
scriptional activity, suggesting that Myc may use a common molecu- 
lar mechanism to facilitate both DNA transactions. This mechanism 
might involve Myc-dependent chromatin modifications*® such as 
histone acetylation, which might also be implicated in the selection 
of replication origins”. 

Our results indicate that Myc deregulation generates DNA damage 
and may promote genomic instability by inducing DNA replication 
stress, strengthening previous observations***'. This notion is also 
supported by the dependence on Werner RecQ helicase for Myc- 
driven proliferation’, and by the requirement for RecQ helicases 
during replication stress*’. These observations can explain the occur- 
rence of genomic alterations, such as gene amplification and illegit- 
imate replication of some loci*', that are consistently associated with 
Myc deregulation during tumorigenesis. However, in contrast with 
other oncogenes that may cause DNA re-replication when deregu- 
lated“, overexpression of Myc increases the number of active rep- 
lication origins in the absence of detectable re-replication (data not 
shown). 

Our results also suggest that the p53-dependent G2/M checkpoint 
and subsequent apoptosis observed in mammalian cells carrying 
deregulated Myc alleles** may be due to DNA damage generated 
predominantly during S phase. Frequent p53 inactivation in tumours 
carrying deregulated Myc genes*® may then reflect selection for 
tumoural cells with disabled checkpoint responses. Thus, our results 
suggest that Myc may exert its oncogenic function, at least in part, by 
promoting origin activity, thereby inducing replication stress and 
genomic instability. 


METHODS SUMMARY 


The Methods and Supplementary Information provide detailed information 
regarding all experimental procedures: (1) lists of cell lines, antibodies and a 
detailed description of constructs and transfection procedures; (2) preparation 
of fractionated cell extracts, co-immunoprecipitation procedures (including 
Myc complex isolation) and in vitro pull-down assays; (3) chromatin immuno- 
precipitation primer sequences; (4) details on replication reactions in the 
Xenopus system, nascent replication product (nascent strand) analysis and 
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chromatin isolation procedures; (5) radioactive labelling of newly synthesized 
DNA in mammalian cells; (6) purification and characterization of antibodies 
generated against XMyc; (7) preparation of baculovirus-based recombinant 
XMyc proteins and in vitro pull-down assays; and (8) cell synchronization and 
BrdU labelling protocols. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell lines and transfections. All the cell lines, transfection procedures and 
technical details regarding the manipulation of the 3T9 mouse cell line with a 
conditionally excisable Myc allele are described in the Supplementary 
Information. 

RNAi experiments (duplex sequences and procedure). c-Myc siRNA duplexes 
were designed against the 3’ UTR and coding sequence of the c-Myc cDNA (NCBI 
number NM_002467). All duplexes were purchased from Invitrogen (Stealth® 
siRNA duplexes, 25 MER). siRNA duplexes for human c-Myc were: siRNA Mycl, 
5'-GCAGUUACACAGAAUUUCAAUCCUA-3’ (3' UTR); siRNA Myc2, 5'- 
AGCCATAATGTAAACTGCCTCAAAT-3' (3' UTR); siRNA Myc3, 5'-CCCA- 
GCGAGGAUAUCUGGAAGAAAU-3’ (coding). siRNA control duplex targets 
eGFP or the luciferase gene in different experiments. Sequences: siRNA Luc+, 
5'-UAGUCUUGCAAGCUGCGCAAGAAUA-3’; siRNA GEP, 5’-GCUACCUG- 
UUCCAUGGCCA.dT.dT-3’ (Dharmacon). All siRNA transient transfections 
were performed using 10-nM duplexes and Lipofectamine RNAiMAX reagent 
(Invitrogen) following the manufacturer’s instructions. Under these conditions, 
acceptable knockdown levels (>75%) could be achieved in less than 12h after 
transfection. For most of the experiments, RNAi-mediated transient Myc knock- 
down was performed by 1-2 rounds of siRNA transfection within 48 h. 
Myc-associated protein complex isolation. The protocol is based on a prev- 
iously published procedure’, with minor modifications. Approximately 
3.0 X 10° cells (control and Myc stable cell line) were harvested upon treatment 
with MG132 (50mM, Sigma) for 34h, to increase Myc intracellular levels. 
Modifications to the previously published protocol, as well as the procedures 
regarding the purification and characterization (that is, composition, size) of this 
complex, are detailed in the Supplementary Information. 

Chromatin immunoprecipitation. ChIP assays were performed as described", 
with slight modifications. For the analysis of Myc binding to DNA replication 
origins shown in Fig. 2, cells were crosslinked for 10-15 min at room temper- 
ature in 1% formaldehyde, and crosslink reactions stopped by adding 0.125M 
glycine for 5min. Cells were then extracted in a 0.5% Triton X-100 buffer 
(20 mM HEPES, 340 mM sucrose, 1 mM EDTA) for 10 min in ice, nuclei col- 
lected by brief centrifugation and further extracted in 1% SDS containing buffer 
and sonicated. For the experiment shown in Supplementary Fig. 8 using lower 
amounts of cells (siRNA and mitosis exit), the procedure was similar except for 
the use of a 0.1% SDS lysis buffer (instead of 1%) for the extraction and sonica- 
tion steps to increase the final chromatin yield. Sonication generated 500-bp 
fragments on average (300—700 bp) (not shown). Pre-clearing and immunocom- 
plex purification steps were performed using Protein-G-agarose beads 
(Upstate). DNA was purified by phenol-chloroform extraction and ethanol 
precipitation. 

For quantitative PCR analysis of Myc-bound targets, the immunoprecipitated 
DNA was resuspended in 25—50 il of TE. Input DNA was used to build a stand- 
ard curve as reference to which arbitrary units were given for convenience. A 
value of 1 in the graphs indicates a recovery of ~0.0024% of the input DNA for 
Raji and 0.0012% for HFFs. This is the range obtained with nonspecific rabbit 
immunoglobulin. Maximal enrichments with anti-Myc on the lamin B2 gene in 
HFFs and Raji was ~75-fold (corresponding to ~0.091% and 0.18% respectively 
of the input) and for Max was in general higher, ~100-fold (corresponding to 
~0.24% of the input DNA). These values are comparable to what has been 
reported for other high-affinity transcriptional targets of Myc and Max. 

Primers for PCR, quantitative PCR analyses are provided in the Supple- 
mentary Information. 

Anti-XMyc antibody purification and characterization. Antibodies against a 
synthetic peptide encompassing residues 5—18 in the N terminus of the Xenopus 
c-Myc homologues were raised in New Zealand rabbits by Evoquest Services 
(Invitrogen-Zymed) using a standard 10-week protocol. All experiments were 
performed using antibodies obtained from two different rabbits, and gave sim- 
ilar results and performance. Further details on the purification of these anti- 
bodies are provided in the Supplementary Information. 

Immunodepletions and replication assays in Xenopus cell-free extracts. Cell- 
free extracts (LSS*°; HSS and NPE”) were prepared from unfertilized Xenopus 
eggs as described. Chromosomal templates were prepared from demembranated 
Xenopus sperm nuclei. Immunodepletions were performed by incubating 
extracts with anti-XMyc antibodies (2 X 90 min at 4°C, 50 ml of extracts per 
100 mg of purified antibody); anti-Xenopus DNA polymerase « antibodies” 
coupled to Protein A-Sepharose (2 X 60 min at 4°C) or Rabbit IgG (Sigma) as 
a control. Other technical details regarding the preparation of in vitro replication 
reactions using this system are provided in the Supplementary Information. 
Where indicated, caffeine (Sigma, 5 mM), geminin (50 ng ml !), Ku55933 
(ATM inhibitor, KuDOS)*, NU7026 (DNA-PKcs inhibitor, Sigma) or SB- 
218078 (2.5 mM, Calbiochem)** were added when assembling the reactions. 


nature 


Immunofluorescence protocols, and confocal and deconvolution micro- 
scopy. After blocking for 1h in 3% BSA, 0.3% Triton X-100, PBS, cells were 
incubated with primary antibodies for 2h at room temperature, or 4 °C over- 
night (for BrdU, clathrin and cyclin E). For BrdU detection, cells were either 
treated with DNAse (Sigma, 25 ugml') during the antibody incubation, or 
fixed for 20 min in 10% buffered formalin after incubation with anti-Myc or 
anti-Max antibodies, and the DNA depurinated by incubating for 30 min in 2N 
HC] at 37°C, and further neutralized in 0.1M sodium borate (pH 8.5) for 
10 min. Secondary anti-rabbit-Cy3 or TRITC antibodies (Jackson) were used 
to detect Myc, Max, or c-Jun, or anti-goat-Cy3 antibodies (Jackson) for clathrin 
in the cell-fusion experiments. Further details of the protocol for BrdU and Myc 
co-localization in primary cells are available upon request. 

For confocal microscopy analysis, images were captured using a Zeiss 

LSM510-Meta confocal microscope. For deconvolution analysis, pictures were 
taken with a X 100 objective (Olympus IX70 inverted microscope) by wide-field 
epi-fluorescence deconvolution microscopy (Delta Vision). Images were taken 
at each 0.2-t1m section through the nucleus (20-25 sections per field). 
Deconvolution was performed using SoftWoRx 2.5 software (Applied 
Precision). Exposure times were kept constant for each fluorescence channel 
within each experiment and antibody used. 
Cell fusion experiments and heterokaryon-mediated rescue. After DAPI stain- 
ing, mouse and HeLa nuclei display specific chromatin patterns (mouse, 
speckled; HeLa, homogenous) that can be readily distinguished upon close 
inspection (see Fig. 3). This allowed us to identify and score the rescue events 
in each heterokaryon. 

3T9 v-sre*, c- myc ! ~ cells are arrested in a G1-like state, as defined by the G1 
DNA content and the levels of MCM proteins and Ki67 (Supplementary Fig. 5). 
Cells were selected after 4days upon Cre-ER induction, a time when Myc 
expression was absent in =90% of cells (western blot and RT-PCR analysis). 
As a control, we selected c-myc*’~ populations collected at an early G1 point, 
3h after mitosis, that constitute an accurate control population based on the 
above described parameters (FACS analysis and western blot, Supplementary 
Fig. 5d, e). 

Metaphase arrested 319 c-myc*'~ cells (mitotic shake-off after nocodazole 

block), c-myc | ~ 3T9 cells (4day knockdown) and G1/S arrested HeLa cells 
(double thymidine block), were plated at a 1:3 ratio (3T9/HeLa) in the presence 
of 2 mM thymidine. Three hours later, medium was replaced (no thymidine) and 
cycloheximide (50 pg ml~') was added. At this time, 3T9 cells had completed 
mitosis and were in G1. After 1 h, cells were washed once in warm PBS, and 52% 
warm polyethyleneglycol (PEG 8000, Sigma) in PBS was added for 3 min. PEG 
was then discarded and cells were washed several times with PBS (plus cyclohex- 
imide), and fresh complete medium containing cycloheximide and 201M 
BrdU was added for 3 h. Cells/heterokaryons were then trypsinized, cytospins 
obtained and fixed in formalin for 20 min. Cytospins were further analysed by 
immunofluorescence plus DAPI counterstaining to locate and score the resulting 
heterokaryons. 
Mouse B-cell isolation and immunofluorescence. Mouse B cells were isolated 
from spleens of non-immunized (40—45 days old) 1-Myc mice™ or age-matched 
littermates. No tumour burden was observed at the time of isolation under 
macroscopic inspection. Isolation was achieved by using magnetic cell separa- 
tion through an ‘untouched isolation’ procedure (MACS affinity “B-cell isolation 
kit’, Miltenyi Biotech, catologue number 130-090-862) following the manufac- 
turer’s instructions. Isolated cells were resuspended in cold PBS plus 0.5% BSA 
and kept in ice. Purity of B-cell pools was assessed by FACS analysis upon anti- 
B220 FITC staining (BD Pharmingen) (>90% in all samples, not shown). 
Isolated B cells were processed for immunofluorescence (upon cystospin) and 
western blot analysis. 

Wild-type and A-Myc B cells were cytospun on two independent spots on the 
same slide to minimize variability. After formalin fixation and a 10 min meth- 
anol post-fixation, slides were blocked-extracted in PBS, 0.3% Triton X-100, 3% 
BSA for 30min. Anti-y-H2A.X (mouse, Upstate) and anti-geminin (Rabbit, 
Santa Cruz) antibodies were used for immunostaining (overnight, 4°C). An 
anti-mouse biotin secondary antibody (horse, Vector) was used to enhance 
H2A.X detection (60 min), followed by a short incubation with avidin-FITC 
(Molecular Probes/Invitrogen) (15 min). 
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Controlled exchange interaction between pairs of 
neutral atoms in an optical lattice 


Marco Anderlini't, Patricia J. Lee’, Benjamin L. Brown’, Jennifer Sebby-Strabley'+, William D. Phillips’ & J. V. Porto’ 


Ultracold atoms trapped by light offer robust quantum coherence 
and controllability, providing an attractive system for quantum 
information processing and for the simulation of complex pro- 
blems in condensed matter physics. Many quantum information 
processing schemes require the manipulation and deterministic 
entanglement of individual qubits; this would typically be 
accomplished using controlled, state-dependent, coherent inter- 
actions among qubits. Recent experiments have made progress 
towards this goal by demonstrating entanglement among an 
ensemble of atoms’ confined in an optical lattice. Until now, how- 
ever, there has been no demonstration of a key operation: con- 
trolled entanglement between atoms in isolated pairs. Here we use 
an optical lattice of double-well potentials”* to isolate and mani- 
pulate arrays of paired *’Rb atoms, inducing controlled entangling 
interactions within each pair. Our experiment realizes proposals 
to use controlled exchange coupling‘ in a system of neutral atoms’. 
Although *’Rb atoms have nearly state-independent interactions, 
when we force two atoms into the same physical location, the 
wavefunction exchange symmetry of these identical bosons 
leads to state-dependent dynamics. We observe repeated inter- 
change of spin between atoms occupying different vibrational 
levels, with a coherence time of more than ten milliseconds. 
This observation demonstrates the essential component of a neut- 
ral atom quantum SWAP gate (which injerchanges the state of two 
qubits). Its ‘half-implementation’, the SWAP gate, is entangling, 
and together with single-qubit rotations it Hehe a set of universal 
gates for quantum computation’. 

Particle exchange symmetry plays a crucial role in much of con- 
densed matter physics, for example allowing spin-independent, 
purely electrostatic interactions between electrons to give rise to 
magnetism by correlating their spins. While such effects have been 
extensively discussed in the context of fermions, similar exchange 
effects also apply to bosons, such as °’Rb, except that here the particle 
wavefunctions are symmetrized rather than anti-symmetrized. 
Exchange interactions leading to SWAP operations (interchanging 
the state of two qubits) have been proposed for entangling qubits in 
condensed matter implementations of quantum computing**, and as 
a mechanism for single-qubit control in coded qubit spaces’. More 
recently, exchange-induced entanglement has been proposed for 
ultracold neutral atoms**. Other schemes”"’ that do not involve 
exchange have relied on mechanisms that directly depend on 
the internal (qubit) state, requiring state-dependent motion, 
interaction or excitation of the atoms. Exchange interactions have 
the advantage that they require none of these. Ordinary state- 
dependent mechanisms often suffer from decoherence because 
of state-dependent coupling with the environment. Exchange 
mechanisms can be relatively free of such decoherence. For 
example, one could choose magnetic-field-insensitive states as the 


qubit basis even if those states had no direct spin-dependent 
interactions. 

To illustrate the working scheme of the two-qubit V SWAP gate 
with bosons, consider a pair of atoms, each occupying the single- 
particle vibrational ground state of two adjacent potential wells, left 
(L) and right (R), with spatial wavefunctions ¢,(x) and ¢,(x) (see 
Fig. 1a). The full, single-atom wavefunction is|q,) =¢,(x)|q), where 
each qubit (specified by its location v = {L, R}) can be encoded in two 
internal spin states of an atom as |q) =a|0) +)|1), for amplitudes a 
and bassociated with the qubit states |0) and|1). For our demonstra- 
tion, |0)and |1) are Zeeman states of °’Rb atoms, which are in adja- 
cent sites of a double-well potential’. Neutral atoms have short range 
‘contact’ interactions, and in *’Rb are nearly spin-independent. To 
initiate the interaction, we merge the L and R sites into a single site so 
that the atoms’ spatial probability distributions overlap'*. During 
this merger, the trapping potential is carefully adjusted so that the 
atoms in L and R are adiabatically transferred to the excited (e) and 
ground (g) vibrational states of the single well’, respectively: 
(x) >@.(x) and $x(x)>¢,(x) (see Fig. 1a). The two qubits are 
encoded in identical bosons, so the full two-particle wavefunction 
must be symmetric under particle exchange, for example, 
la.) = 411) x(%2)1q)1P)2+ u(%1).(%2)|p)i1a)o» where the 
two atoms are labelled 1 and 2. (In the merged trap, the subscripts 
Land Rare replaced by e and g, respectively.) The symmetrized states 
|0.,0r), |Or,1R)5|11,0R), |1L,1Rr) represent a convenient computa- 
tional basis because the identification of the qubit is straightforward: 
|q) is always associated with ¢, (x) (or ¢,(x) when merged), while | p) 
is always associated with ~,(x) (or $,(x)). When the atoms interact 
in the merged trap, the symmetrized energy eigenstates are no longer 
the computational basis. The eigenstates are separable into spin and 
spatial components (S and T indicate singlet and triplet): 


|Ws) = bs(%1,X2)|S) = —|0.s3)) / v2 
1.04) +[0e1)) V2 


|r ) =Gy(X1,.%2)|T~ 
\we ) = $r( X),X2) ce 


where Ps (1X2) = e(X1 )bg(X2) — Oe (Xi) he (%2) and $y(x1,x2)= 
Peli) g(X2) + Pg(1 fel) a ({1)110)2—10),11)2)/v2, 7°) = 

([1)10)+10),|1)>) /V2s |T-) =|0) 10)» and |T*) =|1),|1),. The 
spatial component of the singlet state |ws) is antisymmetric 
under exchange of particles; there is no density overlap between 
the two particles, giving essentially zero interaction energy for 
the short-range contact interactions between the atoms. On 
the other hand, the triplet states have an interaction energy 


(|1e,0g) 


|Wr) =$r(x1,x2)|T°) = ( 
) =|0.,05) 


= | les) 
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Figure 1| Experimental sequence. a, Preparation and interaction of two 
qubits. Step 1: the system is initialized as qubit state |1,,1p). Step 2: the two 
neighbouring atoms in a double well are prepared in the qubit state |0,,1p) 
using site-selective radio-frequency addressing based on the spin-state 
dependence of the potential (indicated by the differing blue and red 
potentials). Step 3: the potential barrier between the two sites is then 
lowered. Step 4: the two sites merge, allowing the atoms to interact. Careful 
control of the potentials during this merger forces the atom in the left site 
into the first excited state and the atom from the right site into the ground 
state of the final single-well configuration. b, Plot of the interacting (solid 
lines) and non-interacting (dashed lines) two-particle energies during the 
gate sequence (steps 2 to 4 in a). For visual clarity the energies are relative to 
the non-interacting |1,,1z) eigenenergy, and the 34 MHz Zeeman shifts are 
not included. The grey arrows indicate the evolution of the state |0;,1) from 
step 2 to step 4. The colour transition from red (|1,,,0x)) and blue (|0;,1x)) to 
purple (|W) and |<) ) indicates the mixing of the two logical qubit states. 
The evolution from the initial state |0,,1,) is non-adiabatic with respect to 
interactions, and the projection onto the final singlet/triplet eigenstates 
results in spin exchange oscillations. 


2 
Ueg = (81th a; /'m) f \b.(x) Pls (x)| d°x, where a, is the s-wave scat- 
tering length and m is the mass of *’Rb'*. This energy difference 
between the ‘singlet’ and the ‘triplet’ states can be viewed as arising 
from an effective magnetic interaction oco,0, between atoms in the 
ground and excited states, where a, is the Pauli spin operator acting 
on the qubit basis, for the atom in the vibrational state v = {e, g}. This 
interaction can give rise to a spin exchange oscillation between the 
qubit states |0-, 1, and | 10.) Ifatoms in any of the four states of the 
computational basis are combined into a single site adiabatically with 
respect to the lattice vibrational level spacing, but diabatically with 
respect to Uz, (thus projecting onto the interacting eigenstates), they 
evolve in time as shown in Table 1. At time Tswap =1h/ Ugg, the 


Table 1| Truth table for SWAP and SWAP gates 
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internal states associated with ¢,(x) and (x) are swapped. If 
the interaction is stopped at Tswap/2 (for example, by separating 
the atoms into the L and R sites), then the result is an entangling 
Vv SWAP. 

We realized this exchange-mediated SWAP operation using arrays 
of pairs of *’Rb atoms in a three-dimensional optical lattice. The 
lattice consists of a dynamically adjustable two-dimensional lattice 
of double-wells in the horizontal plane*’, and an independent one- 
dimensional lattice along the vertical direction. By controlling the 
laser polarization, the unit cell of the two-dimensional lattice can be 
continuously changed between the single-well (A-lattice) or double- 
well (the half-wavelength 4/2-lattice) configurations (see Fig. la), 
where 2= 816nm. We start with a magnetically trapped Bose— 
Einstein condensate of ~6.0 X 10* atoms of *’Rb in the 5S1/2 
|F =1,mp = — 1) magnetic state, and slowly (in 140 ms) turn on the 
A/2-lattice and vertical lattice, reaching depths of 40 +2 ER and 
54 +3 Ep, respectively. (Ep =? ky /2m=3.45hkHz is the photon 
recoil energy and ky=2n// is the photon recoil momentum.) 
Ideally, the ensemble crosses the Mott insulator transition”, creating 
a central core of atoms with unit filling factor’® in the ground state 
of the /2-lattice. The magnetic confining fields are then turned 
off, leaving a homogeneous field By ~ 4.85 mT, which defines the 
quantization axis. It also provides a quadratic Zeeman shift large 
enough that we can selectively radio-frequency couple only the 
|F=1, mp=—1) and |F=1, mp=0) states’*, designated as our 
qubit states |1) and |0), respectively. Following this loading proced- 
ure, isolated pairs of qubits are in the state |1,,1x) inside separate unit 
cells of the lattice (see Fig. la, step 1). 

We can prepare every pair of atoms in any non-entangled two- 
qubit state by selectively addressing the atoms in the L and R sites. We 
exploit the spin-dependence of the potential, which can be manipu- 
lated through the same polarization control used to adjust the lattice 
topology”'’. We first induce a state-dependence in the optical poten- 
tial that produces an effective magnetic field gradient between the 
two adjacent sites of the double well. This introduces a differential 
shift Avpp in the spin-resonant frequencies between the two sites. The 
L or R qubits are then selectively addressed by applying a radio- 
frequency pulse resonant only with those qubits. In our experiment, 
Avpp ~ 20 kHz and we can prepare the state |0,,1x) with 95% fidelity. 

To measure the qubit state after the double well is transformed into 
a single well, we map the quasi-momentum of atoms occupying dif- 
ferent vibrational bands of the optical potential onto real momenta 
lying within different Brillouin zones'*’’. This is achieved by switch- 
ing off the A-lattice and the vertical lattice in 500 fs; after a 13 ms 
time-of-flight, atoms occupying different vibrational levels become 
spatially separated and can be absorption imaged. Moreover, applying 
a magnetic field gradient during time-of-flight separates atoms in 
different spin states along another axis. The populations of atoms in 
|0), |1) and $,(x), #,(x) can thus be differentiated in a single image 
(see Fig. 2). By measuring the population in the different Brillouin 
zones resulting from the samples loaded either only in the left or only 
in the right sites of the double wells, we found that more than 80% (or 
85%) of the atoms starting in the L (or R) sites end in the first excited 
(or ground) state of the single-well potential. 

As a demonstration of an exchange-induced SWAP, we initially 
prepare the atoms in the state |0;,1g). We then merge each double 
well into a single well, transferring the atoms from the L and R sites 
into the first excited and ground states, respectively, of the single-well 


Initial State after time t VSWAP t=mh/2Ueg = Tswap/2 SWAP t=tthi/Ueg = Tswap 
|Oc,0g) e Uest/2h1Q. Og) e~'/410.,0¢) |Oc,0g) 

|Oc,1,) cos(Uegt/2h)|Oe,1g) —i sin(Uegt/2h) |12,0,) (|Oe,1g) —i1e,0¢)) / V2 \1e,0,) 

|1e,0,) —isin(Uegt/2h)|Oc,1g) + CoS(Uegt/2/)|1e,0z) (—i]O.,1g) + |1e,0,)) /V2 |Oe.1g) 

[leste) eat Te 1p) e7"/4H10 15) [lestg) 


The table ignores a global phase factor e~Mest/2h, 
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potential. The lattice parameters are adjusted throughout the trans- 
formation so that the vibrational frequencies along all three spatial 
directions remain non-degenerate to avoid unwanted energy level 
crossings; the lowest vibrational frequency is always along the dir- 
ection of the double wells. This transformation takes 500 Ls, a time- 
scale chosen to be adiabatic with respect to vibration. The basis 
change due to interactions occurs during a small fraction of the total 
merge time (as indicated by the colour transition at ~0.45 ms in 
Fig. 1b), so this transformation is nearly diabatic with respect to 
interactions. This projects the atoms onto a superposition of the 
two eigenstates |<) and \Wr) (see Fig. 1b), which oscillates between 
the states |0., ig) and | 1.,0,). We calculate that, assuming vibrational 
adiabaticity, the failure to be completely diabatic would result in 
approximately 92% population oscillation. (We estimate that it 
would take longer than 4 ms to be fully adiabatic with respect to 
interactions.) The state evolves in this single-well configuration for 
a hold time 4, before measurement. As shown in Fig. 3, the popu- 
lation in each spin component oscillates between the ground and the 
first excited states. Fitting an exponentially damped sinusoid to the 
time-dependent populations in |0) and |1) in the excited state gives a 
period 2Tswap = 285 + 1s, an amplitude of 27 + 2%, and a I/e 
decay time longer than 10 ms. 

The >10 ms decay of the swap oscillations in Fig. 3 is much longer 
than the single-spin phase coherence time’* of ~150 pis. This long 
decay time results from the Zeeman-degeneracy of the |Oe,1g) and 
[Lesg states, because superpositions of these two-atom states are 
insensitive to spatial and temporal magnetic field noise, and they 
form a decoherence-free subspace’*. This is similar to fermionic 
double quantum dot systems", but there the underlying noise arises 
from the inherent fluctuating background of nuclear spins. In con- 
trast, here the inhomogeneous broadening arises from technical 
sources such as background magnetic field gradients and shot-to- 
shot field fluctuations. One could choose to encode a single qubit in 
this two-atom decoherence-free subspace, for which spin exchange 
would act as a single qubit operation’. Here, however, we have suf- 
ficient coherence and individual control of the two spins to use the 
two qubits separately; in this case spin exchange acts to entangle the 
two qubits. 


Figure 2 | Qubit state analysis. Time-of-flight images mapping the atoms’ 
internal and vibrational states: the images were produced by preparing single 
atoms in one of the two single-qubit basis states (internal spin states) in 
either the L or R qubit and performing the full sequence (steps 2 to 4 in 
Fig. 1a), followed by Brillouin zone mapping (see text) and time-of-flight 
absorption imaging. Different vibrational states are thus mapped to different 
momentum regions. In addition, a magnetic field gradient (diagonal in the 
image plane) applied during time-of-flight spatially separates atoms in 
different spin states, indicated by the white dashed-line boxes. Each of the 
input states maps to a distinct region of the image, allowing us to measure 
the populations in the spin state |0) or |1) separately for each qubit. All axes 
are momentum in units of /ky/ V2. 


454 


NATURE| Vol 448|26 July 2007 


To investigate spin coherence during the exchange interaction 
within the full two-qubit Hilbert space, we place both qubits in a 
superposition of |0) and |1) and allow them to evolve under exchange 
(see Fig. 4a). Starting with atoms in [Oe,ilg)s we apply a radio- 
frequency 1/2 pulse to both qubits, producing a superposition of 
all four two-qubit logical states. The atoms evolve for 165 pls, longer 
than is required for a full swap, and a second 1/2 pulse is applied to 
read out the coherence. (A m-pulse inserted between the 1/2 pulses 
creates a spin echo to cancel the effects of the magnetic field inhomo- 
geneity'*.) The subsequent swap oscillations (Fig. 4c) have the 
expected phase and 80 + 2% of the amplitude compared to the case 


Momentum (hk /V2) 


Fraction in state e 


Time (ms) 


Figure 3 | Collisional swap dynamics. a, Concatenated slices of absorption 
images as a function of hold time #, in the single-well configuration (Fig. la, 
step 4). For technical reasons, the hold time can be no less than 200 kis. 
Atoms in each vibrational level oscillate between spin states |0) and |1). 

b, Fraction of atom populations in the excited state for atoms in |() (red) and 
|1) (blue). Each point is extracted from the data in a by fitting the time-of- 
flight image slices and extracting the relative amount of population in each 
Brillouin zone. The solid lines are sinusoidal fits to the data, with a common 
period of 285 + 1 jis and a common amplitude of 0.27 + 0.02. The amplitude 
of the oscillation is smaller than the initial excited |0) (or ground |1)) 
fraction, which gives rise to the difference in the bottom two panels of a and 
the offset of the |0) and |1) fractions in b. The phase of the oscillations is 
affected by interaction during the merging and during the process of 
switching off the lattice. After more than six full periods of oscillation, 
corresponding to 24 V SWAP cycles, the amplitude of the oscillations shows 
negligible decay. If the qubits are prepared initially in | leslg) or |0.,05), we 
observe no evolution of the spin populations. 


©2007 Nature Publishing Group 


NATURE| Vol 448|26 July 2007 


without the additional radio-frequency pulses (Fig. 4b), a degrada- 
tion approximately consistent with the measured single-qubit deco- 
herence. This shows that the coherence time of the system is longer 
than the time needed for both a swap operation and single-qubit 
operations using radio-frequency addressing, which together consti- 
tute a set of universal quantum logic operations. 

Although the exchange oscillations show almost no decay over 
many cycles, the initial amplitude is only 27% of the ideal case. 
Assuming, pessimistically, that the remaining 73% of the atoms do 
not SWAP, and so project onto the target state after VY SWAP with 
50% probability, we find a minimum fidelity of 0.64. The true fidelity 
is probably higher and can be improved: we believe the major reduc- 
tion in oscillation amplitude is due to imperfect loading of the initial 
/2-lattice Mott insulator state. Previous experiments in this appar- 
atus”’ indicate that in the )/2-lattice there are relatively few doubly 
occupied sites, but there may be a significant fraction of empty sites. 
An empty site merged with an occupied site produces a site where no 
SWAPping can occur, reducing the oscillation amplitude. From our 
previous measurements, we estimate that approximately 50% of the 
A-sites (33% of the atoms) are unpaired. However, this initialization 
infidelity is distinct from gate fidelity and can be improved”’. 

Imperfection in vibrational adiabaticity of the transfer from L and 
R to e and g results in unwanted excitations of atoms to other vibra- 
tional states, which are visible in the Brillouin zone mapping of Fig. 2. 
Such motional problems are likely to be among the limiting factors 
for the fidelity and speed of any collision-based gate, and will be a 
topic of future study. Possible improvements include using deeper 
lattices and coherent control techniques”. Imperfections in the 
radio-frequency spin-flip state preparation, the vibrational adiabati- 
city of the transfer from L and R to e and g, and the diabaticity with 
respect to interactions during the merge account for an amplitude 
reduction to approximately 59%. Other effects, including the state- 
dependence of the A-lattice and of the interaction energies are rela- 
tively small. Finally, the coherence of the individual qubits can be 
significantly improved by actively stabilizing the magnetic field and 
improving its spatial homogeneity. With the freedom to choose the 
qubit spin states, we can improve the coherence even further by 
storing the qubit information in field-insensitive hyperfine ‘clock- 
states’. In this configuration, site-selective addressing could still be 
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Figure 4 | Spin-phase coherence during the SWAP operation. a, The 
temporal sequence of the experiment. Each pair of atoms in a double well is 
initially prepared in the state |0,,1n), and transferred into the single-well 
configuration. The measured fraction of atom population in the excited state 
for atoms in |0) (red) and |1) (blue) versus f, is plotted for b, a control case 
identical to the conditions in Fig. 3, where no additional radio-frequency 
pulses are applied, and c, the spin echo case. Between the two 1/2 pulses of 
the spin echo sequence the atoms were in a superposition of all possible spin 
states while undergoing a full swap. The exchange oscillations following the 
spin-echo sequence shown in ¢ indicate that spin coherence is preserved 
during the swap. 
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achieved using two-photon transitions” through an intermediate 
site-dependent Zeeman state. 

This demonstration of a controlled two-atom exchange operation 
is the first realization of the key component of an exchange gate in 
neutral atoms. As with all ensemble qubit measurements’, we do not 
directly show non-classical correlations, but our observed spin SWAP- 
ping oscillations clearly indicate that during every SWAP cycle the 
system undergoes the entangling/disentangling dynamics associated 
with a VSWAP operation. Our results show that the double-well 
optical lattice can be used as a testbed for exploring the two-atom 
dynamics that underlie some of the key challenges in neutral-atom- 
based quantum computing. Scaling to a large number of individually 
controlled qubits requires individual and pairwise addressing, which 
could be accomplished with state-dependent focused laser beams™. 
The direct observation of exchange interactions is also relevant for 
proposals to engineer quantum spin systems*” in which tunnelling 
and exchange give rise to an effective magnetic interaction between 
ground vibrational state atoms on neighbouring sites 7and i+ 1, which 
is 0C0;0;4,. The direct on-site exchange interaction observed here, 
LG-g, could be used to provide effective magnetic interactions 
between atoms in different vibrational bands”*”’, or to ‘stroboscopi- 
cally’ generate magnetic interactions between nearest neighbours**”’. 
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Preparation and characterization of graphene oxide 


paper 


Dmitriy A. Dikin’, Sasha Stankovich', Eric J. Zimney’, Richard D. Piner', Geoffrey H. B. Dommett’, 
Guennadi Evmenenko”, SonBinh T. Nguyen® & Rodney S. Ruoff" 


Free-standing paper-like or foil-like materials are an integral part 
of our technological society. Their uses include protective layers, 
chemical filters, components of electrical batteries or supercapa- 
citors, adhesive layers, electronic or optoelectronic components, 
and molecular storage’. Inorganic ‘paper-like’ materials based on 
nanoscale components such as exfoliated vermiculite or mica 
platelets have been intensively studied”* and commercialized as 
protective coatings, high-temperature binders, dielectric barriers 
and gas-impermeable membranes”*. Carbon-based flexible 
graphite foils** composed of stacked platelets of expanded graph- 
ite have long been used”"° in packing and gasketing applications 
because of their chemical resistivity against most media, superior 
sealability over a wide temperature range, and impermeability to 
fluids. The discovery of carbon nanotubes brought about bucky 
paper", which displays excellent mechanical and electrical prop- 
erties that make it potentially suitable for fuel cell and structural 
composite applications’*"'’. Here we report the preparation and 
characterization of graphene oxide paper, a free-standing carbon- 
based membrane material made by flow-directed assembly of indi- 
vidual graphene oxide sheets. This new material outperforms 
many other paper-like materials in stiffness and strength. Its com- 
bination of macroscopic flexibility and stiffness is a result of a 
unique interlocking-tile arrangement of the nanoscale graphene 
oxide sheets. 

Graphite oxide is a layered material consisting of hydrophilic oxy- 
genated graphene sheets (graphene oxide sheets) bearing oxygen 
functional groups on their basal planes and edges. Graphite-oxide- 
based thin films have been fabricated via solvent-casting methods’® 
but it is not clear whether the graphite oxide dispersions used were 
completely exfoliated into individual sheets. In addition, the mor- 
phology and mechanical properties of the resulting thin-film materi- 
als have not been elucidated in detail. 

Recently, we have shown that under suitable conditions'”"” graph- 
ite oxide can undergo complete exfoliation in water, yielding col- 
loidal suspensions of almost entirely individual graphene oxide 
sheets'”"'? with a mean lateral dimension of approximately 1 um. 
Such sheets can be chemically functionalized, dispersed in polymer 
matrices, and deoxygenated to yield novel composites'*. We thus 
sought a method for assembling these graphene oxide sheets into 
well-ordered macroscopic structures. We found that, similar to car- 
bon nanotubes", graphene oxide sheets could indeed be assembled 
into a paper-like material under a directional flow. Vacuum filtration 
of colloidal dispersions of graphene oxide sheets through an Anodisc 
membrane filter yielded, after drying, free-standing graphene oxide 
paper with thicknesses ranging from 1 to 30j1m (Supplementary 
Information 1). This material is uniform and dark brown under 
transmitted white light and almost black in reflection when thicker 


17-19 


than 5 pum (Fig. la—c). The fracture edges of a graphene oxide paper 
sample when imaged via scanning electron microscopy (SEM) 
revealed well-packed layers through almost the entire cross-section 
of the paper samples, sandwiched between less densely packed ‘wavy’ 
skin layers that were about 100-200 nm thick (Fig. le-g). 

The layering in our graphene oxide paper is evident from its X-ray 
diffraction pattern (Fig. 1h). The peak in the X-ray spectrum of a 
typical graphene oxide paper specimen corresponds to the layer-to- 
layer distance (d-spacing) of about 0.83nm. From studies on the 
dependence of d-spacing in graphite oxide on the water content”, 
the measured distance can be attributed to an approximately one- 
molecule-thick layer of water that is presumably hydrogen-bonded 
between the graphene oxide sheets*'. The mean dimension of an 
ordered stack of graphene oxide sheets in the paper material that 
are oriented perpendicularly to the diffracting plane was calculated 
from the width of the X-ray diffraction peak using the Debye— 
Scherrer equation”, and was found to be 5.2 +0.2nm. This size 
corresponds to about 6 to 7 stacked graphene oxide sheets. 

In a typical stress—strain curve three regimes of deformation can be 
observed for samples of graphene oxide paper: straightening, almost 
linear (‘elastic’), and plastic (Fig. 2a). This behaviour is similar to that 
of most paper-like or foil-like materials; however, graphene oxide 
paper is very stiff. Although there are different levels of wrinkling and 
‘waviness’ in the graphene oxide paper at different length scales, the 
initial straightening during the tensile loading is quite small. The 
rupture of graphene oxide paper samples loaded beyond the ‘elastic’ 
regime is not accompanied by any pull-out of its lamellae, and pro- 
duces almost straight and flat fracture surfaces (Fig. le-g). This is in 
contrast to the rupture of bucky paper, and suggests good material 
homogeneity and strong interlayer binding. The ultimate tensile 
strain for graphene oxide paper (0.6% was the highest recorded 
number for samples that did not exhibit slip—stick behaviour, see 
below) is comparable to that of flexible graphite foils (0.5% along 
the rolling direction), and much lower than that of vermiculite 
(2.5%) and bucky paper (3—-5.6%) prepared by similar filtration 
strategies. However, the work of extension to fracture for graphene 
oxide paper is as high as 350kJ m~* (~190Jkg™', at the material 
density of ~1.8gcm °*, Supplementary Information 7). These values 
are more than ten times higher than the corresponding values for 
flexible graphite foils®’, and of similar magnitude to the values for 
‘pristine’ bucky paper'>”’. 

Tensile test measurements of our graphene oxide paper revealed 
very high values of tensile modulus and fracture strength (Fig. 2). The 
average modulus of graphene oxide paper was determined to be 
32GPa (average from 31 tested samples, Supplementary Infor- 
mation 2) with the highest being 42 + 2 GPa. These values are much 
higher than those reported for bucky paper’, paper-like materials 


'Department of Mechanical Engineering, Department of Physics and Astronomy, 7Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208- 


3111, USA. 


457 


©2007 Nature Publishing Group 


LETTERS 


based on vermiculite* (prepared by either filtration or casting strat- 
egies), and flexible graphite foil® (Fig. 3). The tensile strength of our 
graphene oxide paper is also considerably higher than values 
obtained for flexible graphite foil and bucky paper, and is only 
slightly lower than the highest value reported for vermiculite-based 
paper materials’ (Fig. 3). 

Cyclic loading experiments revealed that permanent deformations 
were introduced in the samples even when they were loaded within 
the limits of the ‘elastic’ regime (Fig. 2c). Both the load and unload 
portions of each subsequent cycle displayed an increase in modulus 
of elasticity with a total increase of about 20% after five cycles. Such 
self-reinforcing behaviour is well known for aligned polymer chains 
and other fibrous materials”, where tensile loading can lead to a 
macromolecular/fibril alignment along the load direction and a 
mechanically stiffer sample. Similarly, stretching graphene oxide 
paper should lead to a better alignment of the two-dimensional 
lamellae and thus also the individual graphene oxide sheets, increase 
their contact and interactions, and result in a stiffer material. This 
behaviour of graphene oxide paper is in stark contrast to that of 
flexible graphite foil for which the elasticity modulus decreases upon 
stress cycling®. 

Interestingly, the stress-strain curves for graphene oxide paper 
samples often displayed ‘washboard’ patterns and sometimes even 
sharp upturns (Supplementary Information 3), manifested as a 
sequence of the peaks in the derivative (d0/5¢) of the stress-strain 
curve (Fig. 2d). Similar local-reinforcing behaviour was observed 
during basal plane shear in single-crystal graphite’? and in the 
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Figure 1| Morphology and structure of graphene oxide paper. a—d, Digital 
camera images of graphene oxide paper. a, ~ 1-,1m-thick (the Northwestern 
University logo is beneath the paper); b, folded ~5-1m-thick semi- 
transparent film; c, folded ~25-j1m-thick strip; d, strip after fracture from 
tensile loading. e-g, Low-, middle- and high-resolution SEM side-view 
images of ~10-m-thick sample. h, X-ray diffraction pattern of two graphite 
oxide paper samples obtained with two different instruments (see Methods). 
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material produced by layer-by-layer assembly of montmorillonite 
clay platelets and polyelectrolytes**. However, if the sample was 
loaded into the plastic regime (Fig. 2b) and failed, then the stiffness 
of the reloaded segments at low strain was similar to that of the 
original sample just before its failure. These results indicate that 
the loss of material stiffness is not a local effect, but rather a homo- 
geneous softening of the paper upon loading in this manner. In 
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Figure 2 | Examples of the tensile behaviour for a few representative 
graphene oxide paper samples. (See Supplementary Information 2 for 
listing of sample characteristics). a, Stress—strain curve for a 5.2-1m-thick 
sample (5-1, red) and reloaded fragment-sample (5-1-R, blue). The 
deformation can be divided into three regimes: (I) straightening, (II) ‘elastic’ 
and (III) plastic. b, Stress—strain curve for a 5.5-j1m-thick sample (6-3, red) 
and reloaded fragment-sample (6-3-R, blue). ¢, Stress—strain curve for a 
cyclically loaded 11-j1m-thick sample (12-3). The solid lines indicate the 
loading part of the cycle and the dashed lines indicate the release part of the 
cycle. The blue and red lines are fittings of the linear stress-strain 
dependence with a modulus of elasticity of 27 and 32 GPa, respectively. 

d, The derivatives of the stress—strain curves for four different samples, 
revealing the ‘washboard’ pattern in the tensile loading behaviour. 

e, Stress—strain curve for a 5.5-j1m-thick sample (6-4) and a reloaded 
fragment (6-4-R) showing slip—stick behaviour. f—h, Stress—strain cyclic 
measurements for an 11-,1m-thick sample (12-4) at 40 °C, 90 °C and 120 °C, 
respectively. i, Linear thermal contraction of the same 11-j1m-thick sample 
recorded between tensile tests (coefficient for linear negative thermal 
expansion, about —50 X 10 ° K'). The red curve in h indicates the final 
sample pulling step before fracture. 
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exceptional situations, the stress—strain response had several consec- 
utive steps each with a large change in elongation (Fig. 2e), suggesting 
a slide-and-lock mechanism whereby the individual ‘nanoplates’ that 
make up the macroscopic sample slide and then ‘click’ into place 
when progressively stressed. 

Given that water molecules are present between graphene oxide 
sheets (see above) one would expect the mechanical properties of 
graphene oxide paper to depend strongly on its water content. 
Indeed, as the moisture content of graphene oxide paper decreases 
with increasing temperature (see thermogravimetric analysis curve, 
Supplementary Information 6), the modulus increases (from 17 to 
25 GPa for the same sample shown in Fig. 2f-h). As expected, the loss 
of water is also accompanied by slow contraction of the graphene 
oxide paper (Fig. 2i). Simultaneously, the magnitude of permanent 
deformation decreases for each loading cycle conducted at 40, 90 
and 120°C, respectively (Fig. 2g, h). This water-related behaviour 
is similar in cellulose-based paper: a wet sheet has lower strength and 
stiffness than does a dry one”’. 

In addition to tensile tests, we performed bending experiments (see 
Supplementary Information 5) for several samples of graphene oxide 
paper with varying thicknesses t. A strip of a graphene oxide paper was 
bent so that a simple curve was formed (Fig. 4b), and then compressed 
between two parallel plates until a kink (or more than one) was formed 
(Fig. 4b, c). We measured the radius of curvature R for such a strip just 
before the loss of structural stability (that is, kink formation). 
According to the solution for pure uniform bending ofa bar comprised 
of an isotropically homogeneous material”, the positive (or negative) 
normal strain ¢, at the outer (or inner) bar surface is |&,| =0.5t/R. The 
linear fitting of experimental points (red line in Fig. 4a) gives the 
average normal strain value ¢, ~ 1.1 + 0.1%. As the ultimate tensile 
strain of graphene oxide paper is only 0.6% (see above), it can sustain 
more deformation during bending than during uniaxial tension. 

The mechanics of deformation at tension and bending are schem- 
atically shown in Fig. 4e. The uniaxial tension leads to an equal 
(across the sample) distribution of stresses, which are transferred 
mostly through the shear deformation of the interlamellar adhesive 
(hydrogen-bonded water molecules), whereas the material bending 
introduces very localized stresses at the paper surfaces. The stress at 
the outer surface is transferred between the layers by the combination 
of shear and pull-out of the water adhesive and results in delamina- 
tion of layers, particularly along the defects in the stacked structure 
(Fig. 4e and d). At the inner surface, this stress is compressive, which 
leads to local shear and buckling of the layers (Fig. 4c and d). In 
contrast to the case for the critical uniaxial tension stress in which 
the fracture propagates almost straight across the sample without 
significant pull-out (Fig. le), under a bending load delamination 
occurs primarily along the microdefects (voids between some neigh- 
bouring layers) (Fig. 1f). The experimental results thus suggest that 
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Figure 3 | Comparison of tensile strength o and modulus E for a set of thin 
paper-like materials. The data presented are from ref. 22 for bucky paper 
and ref. 2 for vermiculite prepared by a similar filtration strategy. Flexible 
graphite foil was prepared by rolling of expanded graphite°. Note that high 
and low values are shown by the two colours. See also Supplementary 
Information 4. 
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graphene oxide paper is a pliable macroscopic material composed of 
stiff (in-plane) but compliant (out-of-plane) graphene oxide layers 
that are relatively tightly interlocked. 

In conclusion, our directed-flow assembly method has yielded a 
novel graphene oxide paper-like material possessing a unique layered 
structure in which individual compliant graphene oxide sheets are 
interlocked/tiled together in a near-parallel fashion. The large inter- 
action surfaces between these sheets, their corrugation at the atomic 
scale, and their wrinkled morphology at the submicrometre scale 
all allow for a highly effective load distribution across the entire 
macroscopic sample, and thus make this material more resilient than 
traditional carbon- and clay-based papers. An inexpensive starting 
material such as graphite oxide should facilitate the fabrication of 
large-area paper-like sheets for use in membranes with controlled 
permeability, anisotropic ionic conductors, supercapacitors, and 
materials for molecular storage, among many other uses. Graphene 
oxide paper can also be infused or serve as a carrier substance for 
producing hybrid materials containing polymers, ceramics and 
metals. Additionally, the numerous chemical functionalities on the 
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Figure 4 | The results of bending experiments for samples of graphene 
oxide paper with different thicknesses t. a, The radius of curvature at which 
the strip of paper loses mechanical stability (buckles) during bending, where 
the red line is a linear fit of experimental points. Error bars (+ s.d.) are 
displayed at each data point. b, Two low-magnification SEM images ofa strip 
cut from membrane 5 (5.2-|tm-thick) as it was compressed between two 
parallel plates. The upper image was taken immediately before, and the lower 
one after, the sample buckled. c, An SEM image of a ~1-jum-thick curved 
graphene oxide paper strip having a ~20-|1m radius of curvature and 
showing two major creases (dotted white lines) as a consequence of the 
buckling. d, A high-resolution SEM image of an 11-um-thick buckled strip. 
e, Schematic drawings of the uniaxial in-plane load-to-fracture and a 
bending-to-buckling test. The additional schematics are meant to represent 
the interlamellar water molecules (blue) holding neighbouring graphene 
oxide sheets together. These interactions are broken upon bending of the 
stack or when in tension, leading to fracture with no pull-out. 
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surface of the layered graphene oxide sheets should readily lend 
themselves to further chemical functionalization. This latter strategy 
can then be used to crosslink the adjacent layers and improve the 
mechanical interaction between the individual sheets and to tailor the 
physical properties of the material. This combination of excellent 
mechanical properties and chemical tunability should make 
graphene oxide paper an exciting material. 


METHODS 


Graphite oxide was synthesized from purified natural graphite (SP-1, Bay 
Carbon) by the Hummers method”. Colloidal dispersions of individual gra- 
phene oxide sheets in water at the concentration of 3mg ml | were prepared!” 
with the aid of ultrasound (Fisher Scientific FS60 ultrasonic cleaning bath) in 
20 ml batches. Graphene oxide paper was made by filtration of the resulting 
colloid through an Anodisc membrane filter (47 mm in diameter, 0.2 um pore 
size; Whatman), followed by air drying and peeling from the filter. The thickness 
of each graphene oxide paper sample was controlled by adjusting the volume of 
the colloidal suspension. Samples of graphene oxide paper prepared in this 
manner were cut by a razor blade into rectangular strips of approximately 
5mm X 30 mm for testing without further modification. 

Light microscopy (Axioskop, Zeiss) and scanning electron microscopy (Nova 
NanoSEM, FEI) were used. The material density was measured using the 
Archimedes method in water (33360 kit with the PB303-S DeltaRange 
Mettler-Toledo balance). 

X-ray diffraction experiments were performed at room temperature using 
specular reflection mode. Measurements were carried out in-house with a 
Geigerflex (Rigaku) diffractometer (CuK radiation, X-ray wavelength 
A= 1.5406 A, operating at 40 keV, cathode current of 20mA) under normal 
laboratory conditions; and at beamline X23B of the National Synchrotron 
Light Source (Brookhaven National Laboratory, New York) with a four-circle 
diffractometer operating at 10keV (A = 1.2398 A, beam size 0.4 X 1.0mm’). 
During the beamline measurements, the samples were kept under a slight over- 
pressure of helium to reduce the background scattering from the ambient gas 
and radiation damage. The inherent and instrumental broadenings of the dif- 
fraction peak were higher for the in-house measurements. 

The thermal stability of graphene oxide paper was characterized by thermo- 
gravimetric analysis (TGA-SDT 2960, TA Instruments). All measurements were 
conducted under dynamic nitrogen flow (industrial grade, flow rate 
100ml min ') over a temperature range of 35-800 °C with a slow ramp rate 
of 1°C min‘! to prevent sample loss. Results are presented in Supplementary 
Information 6. 

Static mechanical uniaxial in-plane tensile tests were conducted with a 
dynamic mechanical analyser (2980 DMA, TA Instruments). The samples were 
gripped using film tension clamps with a clamp compliance of about 
0.2 umN!. All tensile tests were conducted in controlled force mode with a 
preload of 0.01 N and a force ramp rate of 0.02 N min |. The sample width was 
measured using standard calipers (Mitutoyo). The length between the clamps 
was measured by the DMA instrument, and the sample thickness was obtained 
from SEM imaging of the fracture edge. 
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Detection of human influence on twentieth-century 


precipitation trends 


Xuebin Zhang’, Francis W. Zwiers’, Gabriele C. Hegerl*, F. Hugo Lambert®, Nathan P. Gillett*, Susan Solomon’, 


Peter A. Stott® & Toru Nozawa’ 


Human influence on climate has been detected in surface air 
temperature’, sea level pressure’®, free atmospheric temperature’, 
tropopause height® and ocean heat content’. Human-induced 
changes have not, however, previously been detected in precipita- 
tion at the global scale’®’, partly because changes in precipitation 
in different regions cancel each other out and thereby reduce the 
strength of the global average signal'*"'°. Models suggest that 
anthropogenic forcing should have caused a small increase in 
global mean precipitation and a latitudinal redistribution of pre- 
cipitation, increasing precipitation at high latitudes, decreasing 
precipitation at sub-tropical latitudes'*'*"’, and possibly changing 
the distribution of precipitation within the tropics by shifting the 
position of the Intertropical Convergence Zone”’. Here we com- 
pare observed changes in land precipitation during the twentieth 
century averaged over latitudinal bands with changes simulated by 
fourteen climate models. We show that anthropogenic forcing has 
had a detectable influence on observed changes in average precip- 
itation within latitudinal bands, and that these changes cannot be 
explained by internal climate variability or natural forcing. We 
estimate that anthropogenic forcing contributed significantly to 
observed increases in precipitation in the Northern Hemisphere 
mid-latitudes, drying in the Northern Hemisphere subtropics and 
tropics, and moistening in the Southern Hemisphere subtropics 
and deep tropics. The observed changes, which are larger than 
estimated from model simulations, may have already had signifi- 
cant effects on ecosystems, agriculture and human health in 
regions that are sensitive to changes in precipitation, such as the 
Sahel. 

We used monthly precipitation observations over global land areas 
from the most recent version of the Global Historical Climatology 
Network (GHCN)”' to analyse precipitation trends in two twentieth- 
century periods (1925-1999 and 1950-1999), during which obser- 
vational data are considered to be sufficient to describe global-scale 
land precipitation change. This data set has been carefully quality 
controlled. Previous studies of external influence on global precip- 
itation changes’”"’? used a gridded data set”? based on an earlier 
version of the GHCN that was less complete during the last few years 
of the twentieth century; we obtained similar results when using this 
original data set. We focused on the region 40° S—70°N because 
observational coverage elsewhere is limited. 

We compared observed trends to those simulated by a large num- 
ber of climate models to determine whether observed changes over 
the two twentieth-century periods have been caused by external 
influences on the climate system. The climate simulations were 
obtained from the multi-model data archive at PCMDI (http:// 
www-pemdi.llnl.gov/ipcc/about_ipcc.php) and from modelling 


centres directly. We considered three groups of twentieth-century 
simulations. One group (ANT) includes 27 simulations conducted 
with 8 models forced with estimates of historical anthropogenic for- 
cing only, including greenhouse gases and sulphate aerosols. A sec- 
ond group (ALL) includes 50 simulations conducted with 10 models 
forced with estimates of both historical anthropogenic and natural 
external forcing, including volcanic aerosols and solar irradiance 
change. A third group (NAT4) includes 15 simulations conducted 
with 4 models forced with natural external forcing only. Slightly 
different configurations of historical forcing were used by different 
modelling centres’*. The make-up of each group and the number of 
simulations used from each model is summarized in Supplementary 
Table 1. Four models (ECHO-G, HadCM3, MIROC, PCM) contrib- 
uted simulations to all three groups; the subsets of ANT and ALL 
simulations from these models are referred to as ANT4 and ALL4 
respectively. 

We analysed trends in annual zonal mean precipitation anomalies 
expressed relative to 1961-90. Trends in observed and simulated 
precipitation were computed and compared quantitatively using 
the ‘optimal fingerprint’ method‘, a regression procedure that 
has been used in many previous detection studies’. 

Linear precipitation trends from observations and the average of 
multiple model simulations for 1925-1999 (Figs 1 and 2) exhibit 
important areas of consistency in the spatial distribution of precip- 
itation change. Both observations and models show that precipita- 
tion increased in the Southern Hemisphere deep tropics and 
subtropics, decreased in the Northern Hemisphere tropics and sub- 
tropics, and increased in the Northern Hemisphere poleward of 
50°N. We note an important difference, however: observations 
suggest a slight upward trend in zonal precipitation between about 
20-40° N, while the mean ALL simulation shows a slight downward 
trend (Fig. 1a). Also we note that uncertainty in model-simulated 
trends is high: the range of trends from available simulations includes 
zero for all latitudinal bands, indicating that the simulated change in 
individual latitude bands could be explained by internal variability. 
However, the pattern of precipitation change across different lati- 
tudes may still allow detection. The observed latitudinal pattern of 
precipitation trends correlates well with the all-forcings multi-model 
simulated pattern (correlation 0.83 for the 75-year trend, Fig. 1a, 
compared to 0.69 for the ANT simulations, Fig. 1b, and 0.02 for 
the NAT4 simulations, Fig. 1c). We obtained similar results from 
the 50-year trends (Fig. 1d—f). Differences in zonal precipitation 
trends between different models are greater than those between indi- 
vidual ensemble members from the same model, although robust 
physical characteristics of rainfall changes can be found in the ALL 
and ANT multi-model means”. 


'Climate Research Division, Environment Canada, Toronto, Ontario M3H 5T4, Canada. *Nicholas School for the Environment and Earth Sciences, Box 90227, Duke University, Durham, 
North Carolina 27708, USA. *Department of Geography, 507 McCone Hall, University of California, Berkeley, California 94720, USA. “Climatic Research Unit, School of Environmental 
Sciences, University of East Anglia, Norwich NR4 7TJ, UK. NOAA Earth System Research Laboratory, 325 Broadway, Boulder, Colorado 80305, USA. °Met Office Hadley Centre 
(Reading Unit), Meteorology Building, University of Reading, Reading RG6 6BB, UK. National Institute for Environmental Studies, Tsukuba, Ibaraki 305-8506, Japan. 
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We estimated the combined effect of anthropogenic and natural 
external forcing on observed precipitation trends by regressing the 
observed trends onto the trends simulated in ALL simulations. 
Estimates of the individual influences of anthropogenic and natural 
forcing were similarly obtained by using the ANT and NAT4 simu- 
lation trend patterns respectively. The regression scaling factors that 
best match ALL and ANT simulation trends to the observed trends 
are shown in Fig. 3. The response to ALL, or to ANT alone, was 
detected in the observed trends in both periods; the response to 
natural forcing alone was not detected. 

To separate the contributions from natural and anthropogenic 
forcing to observed trends, two-signal attribution analyses must be 
used**. Using combinations of two signal patterns from the ALL, 
ANT and NAT4 simulations in two-way regressions, we also found 
that the response to anthropogenic forcing is separable from the 
response to natural forcing and internal variability. The ANT and 
NAT responses were detected in the observed 50-year trends when 
ALL and ANT mean responses were used to estimate the contribu- 
tions of ANT and NAT to trends (Fig. 3, right hand panel; see also 
Supplementary Fig. 7). The response to anthropogenic and natural 
forcings were also detected using the ALL4 and ANT4 ensembles 


1925-1999 trend 


Trend (mm per 75 years) 


20 


40 60 80 


Latitude (°) 


Figure 1 | Comparison between observed (solid black) and simulated zonal 
mean land precipitation trends for 1925-1999 (left) and 1950-1999 
(right). Black dotted lines indicate the multi-model means from all available 
models (ALL in a and d, ANT in b and e, and NAT as represented by 
ALL-ANT in cand f), and black dashed-dotted lines those from the subset of 
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(Supplementary Fig. 7), indicating that the response to anthro- 
pogenic forcing can be reliably separated from the effects of natural 
forcing and internal variability, although the residual consistency 
test” failed in the latter case, indicating that internal variability might 
be underestimated, or that uncaptured aspects of the forced response 
have increased residual variability. This is consistent with an earlier 
study detecting volcanic influence on globally averaged land precip- 
itation’’. The estimated contribution of natural forcing to observed 
zonal precipitation trends is small in relation to the estimated con- 
tribution from anthropogenic forcing. From this and the separate 
detection of anthropogenic influence in a two-way analysis we con- 
clude that the detected changes in observed land rainfall are largely in 
response to anthropogenic forcing. 

A series of considerations show that the detection of an anthro- 
pogenic influence on precipitation is robust. While uncertainty in the 
magnitude of the observationally based estimate of precipitation 
change is considerable, there is little uncertainty in the sign of trend 
(see Supplementary Information). Thus sampling uncertainty is 
unlikely to have altered the observed pattern of latitudinal moisten- 
ing and drying and is thus unlikely to nullify our detection results, 
which are based on the agreement in the observed and simulated 


1950-1999 trend 


20 


40 60 80 


four models that simulated the response to each of the forcing scenarios 
(ALL4, ANT4 and NAT4). The model-simulated range of trends is shaded. 
Black dashed lines indicate ensemble means of ALL and ANT simulations 
that have been scaled (SALL and SANT) to best fit the observations based on 
a one-signal analysis. Coloured lines indicate individual model mean trends. 
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Figure 2 | 1925-1999 changes in observed and simulated precipitation 
anomalies. Time series (left panel) of observed annual zonal mean 
precipitation anomalies in 10° latitude bands (thin black trace) together with 
ensemble mean annual zonal mean precipitation anomalies in the 50 
available ALL simulations (thin blue trace). Straight dashed black and red 
lines indicate the trends. Green (or yellow) shading identifies latitude bands 


patterns of trends. Furthermore, our results are robust to the use of a 
data set that is based on less-complete observations and is gridded 
differently”. Our results are also robust to the use of signal patterns 
estimated from subsets of models, although, as expected, the robust- 
ness of detection deteriorates with decreasing number of models 
being used (not shown). Multi-model estimates of the pattern of 
external forcing response in precipitation are probably less suscept- 
ible to model error than are single model estimates”*. The structure of 
the multi-model simulated fingerprint is consistent with our under- 
standing of the mechanisms of precipitation response to anthro- 
pogenic forcing. It is expected that wet tropical regions would 
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with increasing (or decreasing) trends in both observations and models; grey 
shading indicates disagreement between observed and simulated trends. The 
map (right panel) indicates the different 10° latitude bands and whether 
trends agree in sign. Areas with insufficient data are shown in white. Only 
land precipitation data are used. 


become wetter and dry regions drier if there were an increase in 
tropospheric temperature from anthropogenic forcing but no change 
in lower-tropospheric relative humidity or flow’. The apparent shift 
in the Intertropical Convergence Zone is also consistent with hemi- 
spheric asymmetry in indirect aerosol forcing”’, although indirect 
aerosol forcing is not needed in all models to produce subtropical 
drying over land”. 

Because the observed record is relatively short and may be affected 
by the response to external forcing, we used climate models to estim- 
ate the variations in zonal rainfall trends expected from internal 
climate variability. This model-based internal variability estimate is 
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Figure 3 | Results from detection and attribution analysis of zonal 
precipitation anomalies. Scaling factors and their 5—95% uncertainty ranges 
are given from one-signal fingerprint detection analyses for ALL, ANT and 
NAT4 forced signals as well as subsets of four models, ALL4 and ANT4 (left 
panel) and from two-signal fingerprint detection analyses (right panel) for 
ANT and NAT forced signals based on the ALL and ANT ensembles (see 


Fig. 1) The residual consistency test”’ passes except where indicated by open 
circles (test passes after doubling the estimate of internal variability) or 
closed circles (indicating that the test does not pass even after doubling). 
Dashed error bars correspond to 5—95% uncertainty ranges when the model 
simulated variance is doubled. 


463 


©2007 Nature Publishing Group 


LETTERS 


smaller than the observationally based estimate, particularly in the 
tropics, but a substantial part of the discrepancy may be the result of 
scale mismatch in the observational data (see Supplementary 
Information). Our finding of a detectable external influence on zonal 
precipitation trend holds when doubling the model-derived internal 
variance estimate, indicating that our finding is robust to possible 
moderate under-simulation of rainfall variability. 

While the detection and attribution of an anthropogenic influence 
on zonal precipitation changes is robust, there are discrepancies in 
the magnitude of the changes. The multi-model mean significantly 
underestimates observed trends (Figs 1 and 3; see also ref. 27), con- 
sistent with the finding that the multi-model response to volcanic 
eruptions in global mean land rainfall is undersimulated’®. The trop- 
ical mean precipitation responses simulated by atmospheric models 
to tropical ocean warming during El Nifo events are also weaker than 
observed, despite correct simulation of the observed change in atmo- 
spheric column integrated water vapour’*”’. A similar mechanism 
may be affecting tropical and subtropical zonal land rainfall changes 
here. Observational uncertainty might also have contributed to the 
discrepancy between observed and simulated trends. Furthermore, 
the statistical significance of the mismatch might be overestimated 
if the internal variability of precipitation is underestimated (Fig. 3). 
If the finding that observed changes are larger than simulated is 
robust, then projections may also underestimate future precipitation 
changes. However, some models in the ANT and ALL ensembles do 
show response features, particularly in the tropics, that are as large as 
those observed (see Fig. 1), but these are situated somewhat differ- 
ently latitudinally, impeding detection and damping the amplitude 
of the multi-model pattern of response. Furthermore, different mod- 
els contribute to different aspects of the multi-model mean response. 
Some models show little tropical response but increasing high- 
latitude precipitation, while others show a more realistic tropical 
and subtropical response but fail to increase high-latitude precipita- 
tion (see Fig. 1). 

Overall, we find that anthropogenic forcing has had a detectable 
and attributable influence on the latitudinal pattern of large-scale 
precipitation change over the part of the twentieth century that we 
were able to analyse. Our best estimate of the response to anthro- 
pogenic forcing suggests (Fig. 1b) that anthropogenic forcing has 
contributed approximately 50-85% (5-95% uncertainty) of the 
observed 1925-1999 trend in annual total land precipitation between 
40° N and 70° N (62 mm per century), 20-40% of the observed drying 
trend in the northern subtropics and tropics (0° to 30°N; a decrease of 
98mm per century) and most (75—120%) of the moistening trend in 
the southern tropics and subtropics (0° to 30° S; 82 mm per century). 


METHODS SUMMARY 

Data processing. Observed annual land precipitation anomalies were obtained 
by subtracting the 1961-90 climatology from station monthly precipitation 
amounts’! and summing monthly values if the year had at least 7 months with 
data. All other years were treated as missing. Annual values were gridded by 
averaging station values within 5° X 5° latitude-longitude grid boxes. Zonal 
mean precipitation anomalies were obtained by averaging available annual 
anomalies within each latitudinal band. 

Model data were first transferred to the same 5° X 5° latitude—longitude grid 

as were the observations and subsequently processed in the same way as were the 
observations, including ‘masking’ missing values so that model values are avail- 
able at the same times and places as the gridded observations. 
Detection and attribution. The ‘optimal fingerprint’ method assumes that the 
observed trends y (organized as a vector with one entry per latitude band) may be 
represented as the sum y = XP + u of scaled simulated responses to external 
forcing, or signals X (a matrix with one column for each signal considered) 
and natural internal variability u. To account for uncertainty in the modelled 
response patterns, we used generalized total-least-squares*? to estimate the 
scaling factors B. Signals were estimated by averaging trends in all available 
model runs in the same forcing group. Two independent estimates of internal 
variability covariance, Cyr and conn which were needed for optimization and 
scaling factor estimation’, were estimated from model simulations as in other 
studies’. 
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We computed trends in 10° latitude bands to reduce the effects of internal 
variability. Our detection analysis is conducted in a subspace spanned by the first 
five leading empirical orthogonal functions of the estimated model covariance. 
The joint influences of ANT and NAT signals in observations were inferred from 
two-way regressions using combinations of two signal patterns from the multi- 
model ALL, ANT and NAT4 ensembles. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Detection and attribution. Signals were obtained by averaging results from 
multi-model ensembles. This has been found to improve estimates of surface 
temperature response to anthropogenic forcing*”*, suggesting that the bias in the 
multi-model mean is smaller than individual model biases*’. 

The observed precipitation record is too short to provide estimates of Cy, and 
Cyy and may be affected by the response to external forcing. Internal climate 
variability is therefore estimated, as outlined below, from model simulations as 
in other studies'”*. More details are given in the Supplementary Information. 

The covariance matrices were estimated from independent parts of a 1,700- 
year control simulation (which was divided into 17 non-overlapping 100-year 
samples) performed with model HadCM3, for which there is no year-to-year 
change in external forcing, and from variability between members in ensembles 
of forced simulations. The latter consist of a total of 9,200 years of climate 
simulation with ALL, ANT or NAT forcing in ensembles of three to nine 100- 
year simulations (Supplementary Table 1). 

For the 75-year detection analysis, trends were estimated from the last 75 years 
of the 100-year samples of model output that were masked to mimic the avail- 
ability of gridded observations during 1925-99. For the 50-year detection ana- 
lysis, we split each of the 100-year chunks of data into two 50-year periods, and 
computed trends in each 50-year data segment that was masked to mimic the 
1950-1999 availability of gridded observations. We then partitioned the control 
and forced simulations in such a way that every model is represented in the 
covariance matrix estimates Cui and Crs: In the case of ensembles with an 
odd number of members k, we assigned (k + 1)/2 members randomly to either 
sample N1 or N2, and the remaining members were allocated to the other 
sample; the allocation of the larger number of members was alternated between 
models to ensure that N1 and N2 contain the same number of members in total. 
In the case of ensembles with an even number of members, half of the members 
were randomly allocated to each sample. Overall mean trend patterns were 
removed separately from the control, ALL, ANT and NAT simulations in each 
sample N1 and N2, and the residual trends were used to estimate Cy, and Cyp. 
The covariance estimates were appropriately adjusted to reflect the fact that 
ensemble mean trend patterns were removed from individual ensembles. 

Because model data for estimating the covariance matrix were limited, and 
because optimal detection involves inversion of the estimated covariance 
matrix’, we had to conduct our detection analysis in a reduced dimension 
space. This was accomplished by first calculating trends in 10° latitude bands to 


nature 


reduce the effects of internal variability. The spatial pattern of trends at 
this coarser resolution preserves most of the structure seen in 5° bands. 
Dimensionality was further reduced by retaining only the first five leading 
empirical orthogonal functions of the estimated model covariance. Model-based 
and observation-based estimates of precipitation variability are more often con- 
sistent with each other in this reduced dimension space according to a standard 
test®®, indicating that this space retains only the more robustly simulated aspects 
of rainfall change, and that the covariance matrix is robustly estimated. This 
truncation preserves the spatial pattern of trends, including key physical aspects, 
and retains more than 76% of signal variance (see Supplementary Information). 
It is of concern that model simulated precipitation variability is generally lower 
than observationally based estimates. However, the latter are probably biased 
high owing to sampling noise in the observations (see Supplementary 
Information). 

The optimal detection method described previously was used to determine 
whether the responses to ALL, ANT and NAT signals are individually detectable 
in observed trends in zonal mean precipitation. However, two-signal attribution 
analyses must be used to separate the contribution from natural and anthro- 
pogenic forcing to observed trends. Thus the joint influence of ANT and NAT 
signals in observations was inferred from two-way regressions using combina- 
tions of two signal patterns from the multi-model ALL, ANT and NAT4 ensem- 
bles. Relatively few NAT only simulations were available for our analysis, so the 
most robust two-signal analysis results were obtained using the ALL and ANT 
ensembles; the contribution from ANT and NAT separately could be derived 
froma linear combination of the scaling factors of ALL and ANT”. Scaling factors 
estimated jointly in two-signal detection analysis were generally correlated (see 
Supplementary Information). 

The methods used to make inferences about the scaling factors B and the 
residual consistency assume that the natural internal variability u is gaussian- 
distributed. While daily precipitation is far from gaussian, the Central Limit 
Theorem indicates that the large-area averages of annual mean precipitation 
anomalies that are used in our analysis should nevertheless be approximately 
gaussian. Repeating our analyses using transformed annual anomalies assuming 
a gamma distribution for the annual anomalies produced very similar detection 
and attribution results. 
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Variation in styles of rifting in the Gulf of California 


Daniel Lizarralde’, Gary J. Axen’, Hillary E. Brown’, John M. Fletcher*, Antonio Gonzalez-Fernandez’, 
Alistair J. Harding’, W. Steven Holbrook®, Graham M. Kent”, Pedro Paramo””, Fiona Sutherland”” 


& Paul J. Umhoefer® 


Constraints on the structure of rifted continental margins and the 
magmatism resulting from such rifting can help refine our under- 
standing of the strength of the lithosphere, the state of the under- 
lying mantle and the transition from rifting to seafloor spreading. 
An important structural classification of rifts is by width', with 
narrow rifts thought to form as necking instabilities’ (where 
extension rates outpace thermal diffusion’) and wide rifts thought 
to require a mechanism to inhibit localization, such as lower- 
crustal flow in high heat-flow settings'*. Observations of the mag- 
matism that results from rifting range from volcanic margins with 
two to three times the magmatism predicted from melting models” 
to non-volcanic margins with almost no rift or post-rift magma- 
tism. Such variations in magmatic activity are commonly attrib- 
uted to variations in mantle temperature. Here we describe results 
from the PESCADOR seismic experiment in the southern Gulf of 
California and present crustal-scale images across three rift seg- 
ments. Over short lateral distances, we observe large differences in 
rifting style and magmatism—from wide rifting with minor syn- 
chronous magmatism to narrow rifting in magmatically robust 
segments. But many of the factors believed to control structural 
evolution and magmatism during rifting (extension rate, mantle 
potential temperature and heat flow) tend to vary over larger 
length scales. We conclude instead that mantle depletion, rather 
than low mantle temperature, accounts for the observed wide, 
magma-poor margins, and that mantle fertility and possibly sedi- 
mentary insulation, rather than high mantle temperature, account 
for the observed robust rift and post-rift magmatism. 

The Gulf of California is an oblique rift system with short spread- 
ing segments connected by long transform faults (Fig. 1)°. Rifting in 
the gulf began ~12—15 million years (Myr) ago when subduction 
ended west of the Baja California peninsula. As the East Pacific 
Rise (EPR) approached the palaeo-trench, the subducting Farallon 
plate broke into a number of microplates; as subduction stalled, those 
microplates and the Baja California peninsula coupled to the Pacific 
plate, resulting in the onset of rifting and eventually the modern plate 
boundary within the Gulf of California in the vicinity of the former 
arc’'°. The peninsula now moves nearly completely with the Pacific 
plate, with ~48 mm yr _' of spreading across the Gulf of California 
representing ~92% of Pacific-North America relative motion'’”’. 
No shear zones cut across the peninsula south of the Agua Blanca 
fault (Fig. 1 inset), and the Pacific-North American Euler pole is 
sufficiently distant that the rift segments of the southern gulf have 
all experienced the same net extension rate since rifting began. 

Previously, little was known about the variation in rifted-margin 
crustal structure along the gulf, with constraints limited to geologic 
observations, seafloor bathymetry, gravity transects, sparse seismic 


refraction measurements'’, and the CORTES-P96 (ref. 14) crustal- 
scale seismic transect in the northern gulf (Fig. 1). The seafloor 
expression of rift structure is masked by sediments in much of the 
gulf, and the considerable variation in sediment thickness, from thick 
sediments in the north to little sediment input in the south, gives the 
impression that rift structure varies from narrow in the south to wide 
in the north. This impression is enhanced by the obscuring effect of 
sediment on the development of seafloor-spreading magnetic linea- 
tions®, such that diagnostic magnetic lineations are only observed 
across the southernmost segments of the gulf. Our results indicate 
that a simple north-to-south variation does not exist in the southern 
gulf, south of Tiburon Island (Fig. 1). Instead, distinct styles of rifting 
and rift magmatism occur within the southern gulf, and this variation 
appears to be related to pre-rift magmatic history. 

We acquired wide-angle and multi-channel seismic data across the 
northern Guaymas, Alarcon, and the San José del Cabo to Puerto 
Vallarta (Cabo—PV) segments of the southern Gulf of California as 
part of the PESCADOR experiment. Each of these transects was 
instrumented with ocean-bottom seismometers spaced 10-15 km 
apart and similarly spaced seismometers on land recording the off- 
shore shots to ~100km inland. Excellent-quality data from this 
dense source and receiver coverage enable imaging of detailed crustal 
structure across these rift segments'*” (Fig. 2 and Supplementary 
Information). Each transect reveals a rifting style that is distinct in 
terms of structure and magmatism. 

The Guaymas basin is a narrow rift' segment (a total conjugate- 
margin width less than 200 km) that has been robustly magmatic since 
continental break-up. We estimate the location of the continent— 
ocean transition here from the well-constrained rapid shallowing of 
the Moho and coincident lateral increase in seismic velocity to 
~6.8kms_ ', a value typical of gabbroic composition rock. We inter- 
pret the crust seaward of the continent—ocean transitions to be new 
igneous crust formed at an oceanic spreading centre that accommo- 
dated the majority of extension in this segment since lithospheric 
rupture. The spreading centre has been robustly magmatic, forming 
new intrusive igneous crust 6-8km thick, with an additional 
unknown volume of igneous material intruded into the overlying 
sediments. The ~280 km width of new igneous crust and spreading 
rates of ~48mmyr_' imply that lithospheric rupture occurred 
~6Myr ago. Lithospheric rupture followed at least 70km of 
continental extension, the amount estimated across the thinned 
continental-margin crust of the velocity model. It is likely that the 
low-lying crust of the coastal plain beyond our transect to the south- 
east was also extended. 

The Alarcon segment is a wide rift. This segment experienced 
~350km of continental extension before the onset of seafloor 
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spreading 2-3 Myr ago, which has produced ~135km of oceanic 
crust ~6km thick’. The continent-ocean boundary is marked by 
a sharp transition from a shallowing to a flat Moho below normal- 
thickness oceanic crust with clearly identifiable magnetic anomalies 
(Supplementary Fig. 1). In this segment, the transition to seafloor 
spreading appears to be coincident with the northward propagation 
of the EPR®'®. Earlier, extension localized beneath the Tamayo 
trough thinned the continental crust there to ~7 km, but left little 
evidence there or elsewhere within the segment for syn-rift magma- 
tism apart from a layer 250-500 m thick with seismic velocities of 
2.5-2.8kms_!, which overlies basement along much of the transect 
and may represent volcanic or volcaniclastic strata’’. The Alarcon 
segment was thus magma-poor during rifting, suggesting that the 
underlying ‘continental’ asthenospheric mantle did not readily melt 
upon decompression. We speculate that as the EPR propagated 
northward, dykes sourced from the presumably more fertile EPR 
asthenospheric mantle ultimately enabled rupturing of the contin- 
ental lithosphere’. 

The Cabo—PV segment is a narrow rift. The continent-ocean 
boundary at the western margin is similar to that in Alarcén, jux- 
taposing EPR-sourced oceanic crust against extended continental 
crust. In this segment, however, seafloor spreading initiated 
~1 Myr before the propagation of the EPR into the gulf ~3.5 Myr 
ago. The initial spreading centre is preserved in the southeast as the 
Maria Magdalena rise*”®. The crust produced at the Maria Magdalena 
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Figure 1| Map of the PESCADOR experiment in southern Gulf of California. 
The Guaymas (G), Carmen (C), Farallon (F), Pescadero (P), Alarcon (A) and 
the San José del Cabo to Puerto Vallarta (Cabo—PV) segments are separated 
by dashed lines. Blue labels indicate south-central segments, white and red 
dots are the instrument locations of the three seismic transects, and white 

shading indicates the extent of early Miocene ignimbrite volcanism”’. In the 
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rise was presumably derived from ‘continental’ asthenosphere and is 
~1km thicker than the crust formed at the EPR. The EPR propagated 
into the segment along the western continent—ocean boundary, and it 
is believed that a brief period of coincident spreading at the two 
spreading centres resulted in convergence along the eastern margin’. 
Estimating pre-rift extension in this segment is thus complicated, but 
the steep western margin indicates that this is a narrow rift segment 
(Supplementary Fig. 5). There is little direct evidence of syn-rift 
magmatism in this segment, but the rapid transition to magmatic 
seafloor spreading suggests that this segment is neither magma-poor 
nor magma-rich and that the underlying continental asthenosphere 
produced melt as would be expected during rifting. 

The crustal structure of the Alarcon segment challenges the com- 
mon notion of how wide' rifts (conjugate-margin width >200 km) 
form. A mechanism of wide-rift formation in which buoyancy- 
driven lower-crustal flow inhibits localization’* does not apply to 
this segment, because substantial Moho topography persists to the 
present. The localized extension beneath the Tamayo trough indi- 
cates that the lithosphere resisted rupture even after substantial thin- 
ning, suggesting that the lithospheric mantle was strong and that the 
asthenosphere did not produce sufficient melt to rupture the litho- 
sphere via dyking”” before the arrival of the presumably more fertile 
EPR mantle. The adjacent Pescadero and Farallon segments north of 
Alarcon have rifted-margin morphologies that are similar to Alarcon 
(Supplementary Fig. 5). These segments differ from Alarcon in that 
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inset, green shading denotes the northern gulf and pink shading EPR- 
sourced crust, and extinct and modern plate boundaries are shown in blue 
and red. AB, Agua Blanca; white and blue dots, CORTES-P96 (ref. 14) 
instruments. The geologic constraints on northern gulf spreading” is 
indicated by yellow stars; yellow shading shows the mapped extent”! of the 
Oligocene and purple shading indicates early Miocene ignimbrite events. 
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their spreading centres are defined by narrow bathymetric deeps that 
indicate only nascent seafloor spreading or none (Supplementary 
Figs 4-6). This suggests that the EPR mantle has not propagated into 
them and that these are also magma-poor segments underlain by 
continental mantle that does not readily melt. We call these wide-rift 
segments collectively the south-central domain. 

The south-central segments rifted over the locus of voluminous 
early-Miocene ignimbrite volcanism?! (Fig. 1). This early Miocene 
event, which followed a more extensive early Oligocene event, depos- 
ited 1-2 km of ignimbrite and lava over a wide area and may have left 
the residual mantle both depleted and dry, reducing its ability to melt 
and deform”. Magmatic depletion of the mantle may thus be a prim- 
ary factor controlling the evolution of rifting in the south-central 
domain. The relatively abrupt transition in rift style between the 
south-central domain and the surrounding segments may be related 
to the focused magmatism characteristic of volcanic arcs and indi- 
cated by their long-lived volcanic centres, which may be manifested 
in part in the mantle. Alternatively, the triggering mechanism of 
ignimbrite magmatism, perhaps slab foundering”', may have been 
laterally discontinuous. Either situation could enable voluminous arc 
volcanism to impart depleted mantle signatures that vary over small 
spatial scales, thus explaining the relatively abrupt variation in rifting 
style between the south-central domain and the segments to the 
north and south. 

Magmatism within the Guaymas basin is anomalous with respect 
to the south-central segments and with respect to globally averaged 
mid-ocean ridge crustal production” (~6km). The average thick- 
ness of the plutonic component of new igneous crust (average 
Vp =6.8kms_') in the northern Guaymas segment is greater than 
7 km, and velocities of 4.0-5.5 kms in the overlying 2-3-km-thick 
layer of sediments and igneous rocks™ suggest an additional 1 km or 
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more equivalent igneous thickness. It is likely that the southern 
Guaymas segment, which hosts a basaltic shield volcano”, is similarly 
magmatic. It is possible that the underlying mantle here is more 
fertile and/or hotter than that beneath the south-central domain 
and the average MORB-source mantle. The mantle may be 
‘charged’’® in a similar fashion to how the mantle beneath the 
south-central domain was charged before the early Miocene ignim- 
brite event. That ignimbrite event did not extend northward beneath 
the Guaymas basin, however, and so the inherited fertility/hydration 
beneath the Guaymas basin has been expressed as ongoing robust 
magmatism since continental break-up, with this magmatism 
probably contributing to lithospheric rupture after only moderate 
extension. 

A second factor possibly contributing to the anomalous magma- 
tism in the Guaymas basin may also explain crustal structure within 
the northern gulf and has implications for sedimented spreading 
centres and mantle melt extraction generally. The crustal structure 
of the Delfin—Tiburon segment in the northern gulf" is similar to the 
northern Guaymas segment, with a thick layer (>5 km) of intruded 
sediments overlying a thick igneous layer with mafic (6.5-6.8 kms_') 
seismic velocities. Geologic evidence suggests that ~275 km of exten- 
sion has occurred across the Delfin—Tiburon segment between points 
separated by 300 km (ref. 27; Fig. 1), and so it is likely that most of this 
extension was accommodated by the creation of new igneous crust. A 
common feature shared by the Guaymas and Delfin-Tiburon seg- 
ments, and not shared by the Cabo—PV segment, is a thick sediment- 
ary layer, and we speculate that this sediment blanket may enhance 
mantle melt extraction. It is unlikely that melt extraction beneath 
mid-ocean ridges is 100% efficient, and so the global average oceanic 
crustal thickness probably underestimates the available melt. The 
thermal structure near mid-ocean ridges may place controls on melt 
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Figure 2 | Models of seismic velocity structure along the Guaymas, Alarcon 
and the San José del Cabo to Puerto Vallarta transects of the PESCADOR 
experiment. Velocity contours are colour-coded and labelled in units of 
kms’. Yellow diamonds are the instrument locations. COT indicates the 
interpreted continent/ocean transition. The dashed line in the Cabo—PV 
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model indicates the interpreted boundary between oceanic crust formed at 
the Maria Magdalena Rise and the EPR. Models were determined using a 
combined forward/inverse travel-time modelling approach*’. Examples of 
data are presented in the Supplementary Information. 
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extraction’®, and hydrothermal circulation is a robust mechanism for 
enhancing heat flux”. It might thus be expected that a thick blanket 
of sediment, by inhibiting hydrothermal circulation, would enhance 
melt extraction, resulting in new igneous crust thicker than that at 
unsedimented mid-ocean ridges. 

The results presented here highlight the importance of inherited 
mantle fertility/hydration and possibly of sediments as controlling 
parameters of the rifting process. Our primary observations are var- 
iations in rift width and magmatism over small spatial scales, with 
wide, magma-poor rift segments formed over mantle that sourced 
voluminous pre-rift arc magmatism, and magma-rich segments 
associated with thick sediments. Many rifts initiate or localize at 
formerly convergent boundaries in response to ridge subduction, 
in back-arc settings, or along suture zones following continent— 
continent collision. Substantial along-strike variations in the express- 
ion of rifting, with these variations controlled by pre-rift tectonics 
and magmatism of the formerly convergent margin, may thus be 
common along many rifted margins. Similarly, substantial along- 
strike variability in syn-rift sedimentation is likely in many rifts, 
depending on topography, climate and regional drainage patterns. 
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Genetic variants regulating ORMDL3 expression 
contribute to the risk of childhood asthma 


Miriam F. Moffatt'*, Michael Kabesch**, Liming Liang**, Anna L. Dixon*, David Strachan”, Simon Heath’, 
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Asthma is caused by a combination of poorly understood genetic 
and environmental factors’”. We have systematically mapped the 
effects of single nucleotide polymorphisms (SNPs) on the presence 
of childhood onset asthma by genome-wide association. We char- 
acterized more than 317,000 SNPs in DNA from 994 patients with 
childhood onset asthma and 1,243 non-asthmatics, using family 
and case-referent panels. Here we show multiple markers on chro- 
mosome 17q21 to be strongly and reproducibly associated with 
childhood onset asthma in family and case-referent panels with a 
combined Pvalue of P< 10 '”. In independent replication studies 
the 17q21 locus showed strong association with diagnosis of child- 
hood asthma in 2,320 subjects from a cohort of German children 
(P= 0.0003) and in 3,301 subjects from the British 1958 Birth 
Cohort (P= 0.0005). We systematically evaluated the relation- 
ships between markers of the 17q21 locus and transcript levels 
of genes in Epstein-Barr virus (EBV)-transformed lymphoblastoid 
cell lines from children in the asthma family panel used in our 
association study. The SNPs associated with childhood asthma 
were consistently and strongly associated (P< 1077”) in cis with 
transcript levels of ORMDL3, a member of a gene family that 
encodes transmembrane proteins anchored in the endoplasmic 
reticulum’. The results indicate that genetic variants regulating 
ORMDLS3 expression are determinants of susceptibility to child- 
hood asthma. 

Our study design aimed to provide internal replication of poten- 
tially positive results with family and case-referent panels of subjects 
with childhood asthma (Fig. 1). This structure also allowed compar- 
ison for consistency between case-control and family-based tests of 
association. To systematically investigate the effects of polymorph- 
isms on the transcription of positional candidate genes, we further 
measured global gene expression in B-cell-derived EBV-transformed 
lymphoblastoid cell lines (EBVL) in probands and siblings of the 
family panel. 

The study subjects included a panel of 207 predominantly (99%) 
nuclear families (MRC-A). These were recruited through a proband 
with severe (Step 3) childhood onset asthma and contained 295 
sib pairs, 11 half-sib pairs and 3 singletons (counting all possible 
sibs). Four-hundred and thirty-seven non-asthmatic Caucasian UK 


controls (UK-C) were studied by the same protocols. We also geno- 
typed 728 children of German origin recruited in the Multicentre 
Asthma Genetics in Childhood Study (MAGICS) study with physi- 
cian-diagnosed asthma for comparison with 694 reference children 
recruited in the cross sectional International Study of Asthma and 
Allergies in Childhood (ISAAC) study*. 

We genotyped all children in the primary association study with the 
Illumina Sentrix HumanHap300 BeadChip. After quality control and 
elimination of markers with low minor-allele frequencies (<0.5%), 
extreme Hardy-Weinberg equilibrium statistics (y?>25) or low 
genotyping call rates (<95%), we retained 307,328 SNPs and 684 
million genotypes (99.4% call rate) for analysis. Amongst the 
2,236,212 common (minimum allele frequency > 0.05) SNPs in the 
HapMap panel, 79% were tagged with correlation R’ > 0.8 and 90.9% 
with R’ > 0.5 with our successfully typed markers. 

We also typed the parents and children in the MRC-A panel with 
the IHumina Sentrix Human-1 Genotyping BeadChip (concentrated 
on genes and surrounding sequences) (Fig. 1), producing an 


ase-referent 


Total 

Subjects _ Parents Cl n Children Children 

Non-asthmatic 112 437 694 1,243 

Asthmatic 266 0 728 994 

Total 405 378 437 1,422 2,642 
Measurements 

300K Illumina (re 

100K Illumina 

Affy Hu133A 2.0 EBVL 
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Figure 1| Study design. The subjects were recruited from family (MRC-A) 
and case-control panels (MAGICS and UK-C). All children were genotyped 
with the Illumina Sentrix HumanHap300 BeadChip. The children and 
parents in the MRC-A panel were in addition genotyped with the Illumina 
Sentrix Human-1 Genotyping BeadChip. Gene expression in 
lymphoblastoid cell lines (EBVL) was measured in the affected and 
unaffected children of the MRC-A panel. Replication of positive results was 
sought in two independent panels of subjects from the ISAAC Phase II and 
1958 British Birth Cohort studies. 
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additional 91,293 SNPs with 36.0% average heterozygosity and 
89,815,992 genotypes (99.0% call rate). We found only 0.412 men- 
delian errors per SNP: these were excluded from subsequent analyses. 

We tested for association of the 300K panel to childhood onset 
asthma in the combined primary data set of 994 asthmatics and 1,243 
non-asthmatics (Fig. 2). We calculated the 1% false-discovery rate 
(FDR) threshold® to be P<6.8 X10 ” and the 5% FDR to be 
P<=5.0 X 10°. We tested for population stratification in the com- 
bined data set, finding a genomic control parameter of 1.07. This 
minor degree of background stratification reflected small differences 
in allele frequencies within and between the two nationally defined 
European populations that contributed to the study. 

We further tested the effects of stratification on our top results by 
analysing the 34 SNPs that surpassed the 5% FDR threshold with 102 
randomly selected SNPs as covariates in a backward stepwise logistic 
regression procedure’. The results of the stepwise logistic regression 
analysis showed only modest reduction of the support for association 
for 31 of the SNPs. Of 34 SNPs, 16 continued to surpass the 5% FDR 
and 12 of 20 SNPs remained above the 1% FDR threshold (Sup- 
plementary Table 1). 

Strikingly, 7 of the 12 markers still below the 1% FDR threshold 
mapped to a 112 kb interval on chromosome 17q21. Several other 
markers in this interval also showed strong evidence of association 
(Supplementary Table 2, Fig. 2 and Fig. 3a). The SNP with the stron- 
gest evidence of association within the interval was rs7216389 (uncor- 
rected P=9 X 10 ''). With the exception of the 17q21 locus, none 
of the markers below the 5% FDR, after controlling for stratification, 
were within 1 Mb of each other (Supplementary Table 1). 

The patterns of association for the chromosome 17q21 markers 
were similar and significant in both the UK family panel and the 
German case-referent panel (Table 1 and Supplementary Table 2). 
There was no evidence of heterogeneity of the association, or of 
significant allele frequency differences in cases or controls from the 
UK and Germany. 

We selected 27 markers from the NCBI database of genetic vari- 
ation (dbSNP) that were within or adjacent to the strongly associated 
interval for genotyping. These exhibited similar patterns and 
strengths of association as the genome-wide association (GWA) mar- 
kers (Supplementary Table 2). 

SNPs from the region that we had typed in whole families in the 
MRC-A panel showed significant associations in a family-based asso- 
ciation test (Supplementary Table 3). The most strongly associated 
marker was rs8067378 (248 informative transmissions, P = 3 X 10°; 
odds ratio, 1.84; 95% confidence interval, 1.43—2.42). The pattern of 
alleles transmitted in excess to affected offspring was consistent with 
the case-referent association results, further indicating that the asso- 
ciation was robust to population stratification. 

The trait-associated markers (with P< 10 ° in the combined data 
set) from chromosome 17q21 fall within a 206.5 kb core containing 
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three consecutive haplotype blocks (linkage disequilibrium co- 
efficient (D’)>0.94 for adjacent markers, D’<0.82 between 
blocks), as well as one ‘isolated’ marker in moderate (D’ = 0.7) link- 
age disequilibrium with an adjacent marker (Supplementary Fig. 1). 
Low linkage disequilibrium between markers that showed strong 
association with the disease trait indicated that multiple variants 
may independently confer disease susceptibility. We evaluated this 
hypothesis statistically in a forward stepwise regression potentially 
incorporating all the genotyped markers between 34.5 and 36.0 Mb 
on chromosome 17. This identified three SNPs (1s7216389, 
rs11650680 and rs3859192), which jointly showed strong association 
to childhood asthma (P< 10 |”) and contributed statistically inde- 
pendent significant effects (Supplementary Table 4). This result is 
consistent with the possibility that more than one functional SNP 
underlies the locus or (less likely given the SNP density across this 
region) the presence ofa single functional SNP in incomplete linkage 
disequilibrium with the typed markers. Further fine-mapping studies 
will be required to resolve these alternatives. 

We further examined the impact of the chromosome 17q21 locus 
on childhood asthma with the aid of 200 asthmatic cases and 2,120 
non-asthmatic controls from within the cross-sectional study popu- 
lation of ISAAC Phase II, recruited in Dresden and Munich. The 
corresponding DNAs were genotyped for a series of nine markers 
from across the locus that had shown evidence of association in the 
GWA (Table 1). These showed the same trends as observed in the 
GWA samples (odds ratios ranging from 1.52 to 1.11), and most were 
significantly associated with disease with P< 0.001 (4 out of 9 mar- 
kers) or P< 0.01 (5 out of 9 markers). 

One chromosome 17q21 SNP associated with childhood asthma 
in the GWA analysis (rs3894194, Table 1) had been previously 
examined in 3,301 subjects from the UK 1958 birth cohort. The 
genotype data for this marker were deposited for public use in the 
database maintained by the investigators responsible for the cohort 
study (http://www.b58cgene.sgul.ac.uk/). Although data were not 
available for the other disease-associated chromosome 17q21 mar- 
kers, we were able to confirm association to childhood asthma 
with 1s3894194, which is in linkage disequilibrium with the other 
markers at the locus (linkage disequilibrium block 3 in Supple- 
mentary Fig. 1). Restricting analyses to cohort members of 
Caucasian ethnicity, we found that the 398 cases recalling “asthma 
ever’ at age 42, showed a significant association (odds ratio, 1.21, 95% 
confidence interval, 1.04-1.40, P= 0.012). Ninety-three individuals 
were reported to have ‘asthma attacks’ in the first seven years of life 
(that is during 1958 to 1965), and these were strongly associated to 
7s3894194 (odds ratio = 1.68, 95% confidence interval, 1.25—2.26, 
P= 0.0005). 

The disease-associated chromosome 17q21 markers had consist- 
ent odds ratios and directions of association effects in the GWA 
panels and the two replication cohorts (P= 0.19 for heterogeneity) 
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Figure 2 | Genome-wide association of 317,447 SNPs and asthma in 994 
asthmatic children and 1,243 non-asthmatic children. Position in the 

genome, divided by chromosome, is depicted along the x axis. Strength of 
association is shown on the y axis. The result for each individual marker is 


depicted as a black circle. The genome-wide thresholds for 1% and 5% false 
discovery rates (FDR) are shown as horizontal red lines. Numerous markers 
on chromosome 17q21 show association to asthma above the 1% FDR 
threshold in the region of maximum association. 
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(Table 1), suggesting that we have identified a robust risk factor for 
childhood asthma. 

Variation in gene transcription is an important mechanism in 
mediating susceptibility to asthma and other diseases, and the 
transcript abundances of genes may be directly modified by poly- 
morphisms in regulatory elements”*. We therefore measured global 
gene expression in EBVL from children in the MRC-A panel (Fig. 1). 
These same subjects had been typed with the Hlumina Sentrix 
HumanHap300 and Sentrix Human-1 Genotyping BeadChips (Fig. 
1). EBVLs represent the B-cell lineage, and are consequently of direct 
relevance to asthma. Cells were harvested at log-phase in the first 
growth after EBV transformation. Global transcript abundance was 
measured with Affymetrix HG-U133 Plus 2.0 chips. We used quantile 
normalization after Robust Multi-Array Average (RMA) to enforce 
normality and reduce outlier leverage. A complete description of the 
global results will be presented in another paper. 

Expression data were available for 14 of 19 annotated genes in the 
region from 35.0 to 35.5Mb on chromosome 17 (that is, within 
or near the 206 kb region of association on 17q21.1) (Fig. 3d). We 
found that transcripts in one gene, ORMDL3, were strongly 
(P<10-~ for 1s7216389) and consistently positively associated to 
exactly the same SNPs from the Illumina Sentrix HumanHap300 
BeadChip as childhood asthma (Fig. 3c). The disease-associated mar- 
kers accounted for 29.5% of the variance of expression. No other 
markers were significantly correlated to ORMDL3 expression after 
adjustment for genome-wide multiple testing. After accounting for 
the effects of the disease-associated markers, the residual heritability 
of the ORMDL3 expression was not significant (P = 0.29 compared 
to P= 0.0009 before adjustment). 

These findings suggested that the 17q21 disease-associated locus is 
the principal genetic determinant of ORMDL3 expression. None of 
the other transcripts from the region or elsewhere in the genome 
showed a significant relationship to the disease-associated markers 
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in our data set. Despite the strength of these effects, the presence of 
several SNPs independently associated to asthma nevertheless makes 
it possible that ORMDL3 may not be the exclusive determinant of the 
disease susceptibility at this locus. 

In the subset of individuals for whom expression data are available, 
the T nucleotide allele at rs7216389 (the marker most strongly assoc- 
iated with disease in the combined GWA analysis) has a frequency of 
62% amongst asthmatics compared to 52% in non-asthmatics 
(P= 0.005 in this sample). The additive effect of this allele corre- 
sponds to a change of 0.78 standard deviation units in ORMDL3 
expression (P< 1077”). We saw the expected increase of ~0.064 
standard deviation units in ORMDL3 expression among asthmatics, 
but this was not significant given the sample size. Patterns of 
ORMDL3 expression by genotype in asthmatics and non-asthmatics 
are shown in Supplementary Fig. 2. 

ORMDL3 is the third member ofa novel class of genes of unknown 
function that encode transmembrane proteins anchored in the 
endoplasmic reticulum (ER)*. We examined multiple tissue com- 
plementary (MTC) DNA panels by PCR with reverse transcription 
(RT-PCR), and found ORMDL3 to be expressed in many tissues, 
particularly liver and peripheral blood lymphocytes (Fig. 3g). The 
SNPs showing the strongest association to asthma and ORMDL3 
transcript abundances are contained within an island of linkage dis- 
equilibrium between 35.2 and 35.4Mb on chromosome 17q21 
(Fig. 3b and 3c). The one-lod support unit for SNPs showing maxi- 
mum association to ORMDL3 levels lies within the first intron of the 
neighbouring GSDML gene. This non-coding sequence shows sig- 
nificant homology between species (Fig. 3e and 3f), and contains an 
element with high homology to the pro-inflammatory transcription 
factor C/EBPb (transcription factor score, 86.8; http://www.cbrc.jp/ 
research/db/TFSEARCH.html). 

Genomic regions other than the 17q21 locus did not contain 
multiple markers with significant evidence of association at the 1% 


Figure 3 | Association to asthma 
and transcript abundances of 
ORMDL3 on chromosome 17q21. 

a, Mapping of association to asthma 
on chromosome 17. b, Detail of 
association to SNPs on 
chromosome 17q21. ¢, Association 
to ORMDL3 transcript abundance 
with the same markers. A GOLD 
plot” of linkage disequilibrium 
between markers is also shown, with 
red indicating high linkage 
disequilibrium and blue denoting 
low. The central island of linkage 
disequilibrium, which contains 
maximum association to ORMDL3 
and asthma, is contained within the 
grey rectangle. d, Genes contained 
within the associated interval. 

e, Homology plot from the region of 
maximum association. f, Sequence 
homology from intron I of GSDML. 
g, RT-PCR (34 cycles) of ORMDL3 
cDNA from representative tissues 
(Clontech). 
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Table 1| Association of asthma and ORMDL3 to chromosome 17q21 in combined and replication panels 


Primary GWA study eQTL ISAAC II replication cohort 
Location (Mb) —logio(P) asthma —logio(P) [ORMDL3] Ref.allele Alt. allele Odds ratio Lower95% CI Upper95% Cl  —logio(P) asthma 

Marker MRC-A MAGICS Combined MRC-A 

159303277 35.230 44 5.0 8.8 21.9 C ai A1 1.14 76 2.8 
rs11557467 35.282 46 5.2 9.1 22.5 G T A5 1.16 82 3 
158067378 35.305 43 5.3 9.0 22.7 

rs2290400 35.320 4.0 6.4 9.8 22.4 A G 47 1.18 82 32 
157216389 35.323 43 6.4 10.0 22.4 Tr Cc A5 1.17 81 3. 
rs4795405 35.342 41 53 8.7 14.6 Cc T 52 1.20 89 3.6 
rs8079416 35.346 2.4 6.5 8.2 10.9 Cc t 30 1.05 61 19 
rs4795408 35.361 2.1 6.1 75 10.3 A G 25 1.01 54 1.4 
153894194 35.376 1.9 6.6 77 11.0 T Gc wy 0.98 pon 1:2 
153859192 35.382 2.0 6.0 13 3:5 T G 11 0.89 537 0.4 


SNPs are from the Illumina 300K panel. Results were calculated with logistic regression models. Association to ORMDL3 transcript abundance is shown for comparison and is based on the family 
panel only. Replication results are shown for the ISAAC II population. Cl, confidence interval; Ref., reference; Alt., alternative; eQTL, expression quantitative trait locus. 


FDR threshold in either of the individual collections or the combined 
samples. Several other loci (Supplementary Table 1) passed a less 
stringent 5% FDR threshold after adjustment for population strati- 
fication, indicating that other susceptibility loci for childhood 
asthma could be present, perhaps having smaller effects than those 
found on chromosome 17q21. These results will be explored in large 
scale replication studies in multiple centres and population samples 
(the GABRIEL project: http://www. gabriel-fp6.org/project). 


METHODS SUMMARY 


Children and their parents from the UK panels were administered a standard 
questionnaire’ by a nurse or doctor. Asthma was defined as a positive response to 
the question “Has your doctor ever told you that you have asthma?” Probands 
had Step 3 asthma or worse according to British Thoracic Society guidelines’®. 
Siblings were included regardless of asthma status''. Asthma cases from the 
MAGICS were diagnosed by a paediatric pulmonologist or allergologist on the 
basis of clinical examination, history and objective tests of lung function. The 
transformation of peripheral blood lymphocytes in all children in the MRC-A 
panel was carried out by the ECACC (http://www.ecacc.org.uk). Microarray 
hybridization of EBVL RNA to the U133 Plus 2.0 GeneChips (Affymetrix) was 
under standard conditions. Whole-genome genotyping was carried out using 
Illumina Sentrix Human-1 Genotyping BeadChip’’and Sentrix HumanHap300 
Genotyping BeadChips’’ (Illumina, San Diego). Genotyping of additional mar- 
kers was performed on an ABI7900HT Sequence Detection System using 
TaqMan probes (Applied Biosystems, Foster City, California). German replica- 
tion samples were genotyped using matrix-assisted laser desorption/ionization— 
time of flight (http://www.sequenom.com)"*. Logistic regression models with 
robust sandwich estimation of the variance’’ implemented in the Stata logit 
function were used to detect association to asthma in the combined panels. 
The TRANSMIT program’® was used to analyse nuclear family data (including 
parental genotypes). The false-discovery rate (FDR) method? was used to assess 
the overall statistical significance of the genome-wide association results, and 
FDR thresholds were calculated by applying the QVALUE (http://faculty. 
washington.edu/~jstorey/qvalue/) package'’. Gene expression data were nor- 
malized with the RMA package’*”” to remove any technical or spurious back- 
ground variation. An inverse normalization transformation step was also applied 
to each trait to avoid any outliers. Association analysis was applied with Merlin 
(FASTASSOC option)”, after probabilistically inferring missing genotypes”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Subjects. Children and their parents from the UK panels were recruited as part of 
the MRC UK National family collection and were administered a standard 
questionnaire (based on the American Thoracic Society and International 
Study of Asthma and Allergies in Childhood (ISAAC) questionnaires’) by a 
nurse practitioner or a doctor. Asthma was defined as a positive response to 
the question “Has your doctor ever told you that you have asthma?” Probands 
had Step 3 asthma or worse according to the British Thoracic Society guidelines 
(high-dose inhaled steroids, or low-dose inhaled steroids and a long-acting 
B-agonist)'°. Siblings were included regardless of asthma status''. Asthma cases 
from the Multicentre Asthma Genetics in Childhood Study (MAGICS) were 
diagnosed by a paediatric pulmonologist or allergologist on the basis of clinical 
examination, case history and objective tests of lung function. Asthmatics (mean 
age 10.95 yr) were recruited from 7 centres located in Germany and Austria 
(Wesel, Bochum Cologne, Freiberg, Munich, Feldkirch and Vienna), and as a 
reference, 800 German children (mean age 9.62 yr) from Dresden (n= 400) and 
Munich (n= 400) were randomly drawn from all German children with DNA 
available in the cross sectional ISAAC Phase II study*. Further cases and controls 
for replication were drawn from the German ISAAC population in which asthma 
was diagnosed using standardized questionnaires and validated by lung function 
and bronchial hyper-responsiveness testing’. All study methods were approved 
by the appropriate ethics committees. 

EBV. The transformation of the Peripheral Blood Lymphocytes (PBL) in all 
children in the MRC-A panel was carried out by the ECACC (http://www.ecacc. 
org.uk). Previously transformed cryo-preserved EBV cell lines were grown as 
500 ml roller cultures. Once log phase had been obtained, cells were pelleted, 
media discarded and a mixture of RLT buffer and B-mercaptoethanol added. 
Pellets were vortexed to ensure thorough re-suspension, after which they were 
frozen at — 70°C and stored at —80 °C. RNA was extracted in batches after cell 
homogenization using RNeasy Maxi Kits (Quiagen), and quality and quantity 
assessed. 

Microarray hybridization. RNA (10 Lg) was used to synthesize double-stranded 
cDNA using the One-cycle cDNA synthesis kit (Affymetrix). Using the cDNA as 
a template, in vitro transcription of cRNA was carried out using the IVT kit 
(Affymetrix), following the manufacturer’s protocol. A hybridization cocktail 
was made according to protocol, using 15 1g of labelled, fragmented cRNA, and 
hybridized to U133 Plus 2.0 GeneChips (Affymetrix) for 16h at 45°C in a 
rotating oven. GeneChips were washed and stained according to manufacturer’s 
protocols and scanned on a high-resolution scanner (Affymetrix). 
Genotyping. Whole-genome genotyping (WGGT) was carried out using 
Illumina Sentrix Human-1 Genotyping BeadChip”* and Sentrix HumanHap300 
Genotyping BeadChips’? (Illumina, San Diego), according to the manufacturer’s 
instructions in a BeadLab with full automation at the Centre National de 
Genotypage. All DNA samples were subjected to rigorous quality control to check 
for fragmentation and amplification. Twenty microlitres of DNA at a concentra- 
tion of 50ng ul! was used for each array. DNA samples were tracked using a 
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Laboratory Information Management System. The HumanHap300 Genotyping 
BeadChip was used with an Illumina LIMS, whereas the Sentrix Human-1 
Genotyping BeadChip was tracked through the Illumina process by hand. 
Groups of 24 samples were batched. Five percent of the samples were selected 
from different batches, re-genotyped and the results compared to the original 
data. No sample discrepancies were detected. Raw data were analysed using GTS 
Image and extracted for statistical analysis. Genotyping of additional markers on 
chromosome 17q21 was performed on an ABI7900HT Sequence Detection 
System using TaqMan probes (Applied Biosystems, Foster City, California). 
German replication samples were genotyped using matrix-assisted laser desorp- 
tion/ionization time-of flight (MALDI-TOF) mass spectrometry (http://www. 
sequenom.com)'*. Primer extension products were analysed by a MassARRAY 
mass spectrometer (http://www.bdal.de) and resulting mass spectra were analysed 
using the SpectroTYPER RT 2.0 software. 

Association testing. Tests of Hardy-Weinberg equilibrium were performed in 
cases and controls using the genhw procedure (http://www.biostat-resources. 
com/stata/) and Stata version 9.2, and SNPs showing Hardy—Weinberg disequi- 
librium in controls ( ¥ > 25) were excluded. As the data comprised a mixture of 
unrelated and related cases and controls, we used logistic regression models with 
robust sandwich estimation of the variance’® as implemented in the Stata logit 
function to model clustering of siblings’ genotypes. Simulations using the MRC- 
A family structures (data available on request) confirmed that this method 
appropriately controls the Type I error. Heterogeneity of association between 
the two main strata (UK and Germany) was assessed by a weighted linear com- 
bination test using the results of an additive-effects-only regression analysis 
within each stratum. X-linked markers were analysed by fitting an additive- 
effects-only logit model that equates the risks of male hemizygotes with female 
homozygotes. The TRANSMIT program”® was used to analyse nuclear family 
data (including parental genotypes), using the sandwich variance estimation 
option to robustly incorporate information from multiple affected siblings; 
confidence intervals for odds ratio estimates were computed as described. The 
false-discovery rate (FDR) method® was used to assess the overall statistical 
significance of the genome-wide association results, taking into account the 
multiple hypothesis testing implications inherent in the analysis of more than 
300K SNPs. The FDR thresholds were calculated by applying the QVALUE 
(http://faculty.washington.edu/~jstorey/qvalue/) software package’’. 
Association to transcript abundances. Data from the gene expression experi- 
ment were normalized together using the RMA package'*!” to remove any 
technical or spurious background variation. An inverse normalization trans- 
formation step was also applied to each trait to avoid any outliers. Association 
analysis was applied with Merlin (FASTASSOC option)”. We estimated an 
additive effect for each SNP and tested its significance using a score test that 
adjusts for familiality and takes into account uncertainty in the inference of 
missing genotypes. In the absence of a positive genomic control test, we did 
not adjust for stratification. We probabilistically inferred missing genotypes”! 
and adjusted for familiality, but not for linkage signal. 
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Protective and therapeutic role for aB-crystallin in 
autoimmune demyelination 


Shalina S. Ousman', Beren H. Tomooka””’, Johannes M. van Noort’, Eric F. Wawrousek°, Kevin C. O’Connor®, 
David A. Hafler®, Raymond A. Sobel’, William H. Robinson** & Lawrence Steinman’ 


oB-crystallin (CRYAB) is the most abundant gene transcript 
present in early active multiple sclerosis lesions, whereas such 
transcripts are absent in normal brain tissue’. This crystallin has 
anti-apoptotic” and neuroprotective® functions. CRYAB is the 
major target of CD4* T-cell immunity to the myelin sheath from 
multiple sclerosis brain®’®. The pathophysiological implications 
of this immune response were investigated here. We demonstrate 
that CRYAB is a potent negative regulator acting as a brake on 
several inflammatory pathways in both the immune system and 
central nervous system (CNS). Cryab~’" mice showed worse 
experimental autoimmune encephalomyelitis (EAE) at the acute 
and progressive phases, with higher Th1 and Th17 cytokine secre- 
tion from T cells and macrophages, and more intense CNS 
inflammation, compared with their wild-type counterparts. 
Furthermore, Cryab‘~ astrocytes showed more cleaved caspase- 
3 and more TUNEL staining, indicating an anti-apoptotic function 
of Cryab. Antibody to CRYAB was detected in cerebrospinal fluid 
from multiple sclerosis patients and in sera from mice with EAE. 
Administration of recombinant CRYAB ameliorated EAE. Thus, 
the immune response against a negative regulator of inflam- 
mation, CRYAB, in multiple sclerosis, would exacerbate inflam- 
mation and demyelination. This can be countered by giving 
CRYAB itself for therapy of ongoing disease. 

Responses to injury often are accompanied by protective mechan- 
isms that antagonize the damaging events or mediate repair. This is 
relevant in autoimmune demyelinating diseases such as multiple 
sclerosis, where the current and experimental treatment strategies 
aim to decrease the pathological immune activity in the CNS. We 
investigated whether CRYAB, a member of the small heat shock 
family of proteins, and a dominant target of the T cells in multiple 
sclerosis”’°, with pro-survival”” and anti-neurotoxic® properties, was 
protective in demyelinating disease. 

EAE was examined in Cryab-’~ mice immunized with myelin 
oligodendrocyte glycoprotein (MOG). These mice showed more 
severe clinical EAE, particularly at the peak and chronic phases of 
disease compared to 12986 wild-type animals (Fig. la and Supple- 
mentary Table 1). This difference was associated with more severe 
inflammation and demyelination in the brain and spinal cord of 
Cryab-'~ animals both in the acute (day 14) and progressive (day 
42) phases of disease (Table 1 and Supplementary Fig. 1). To deter- 
mine whether there was more cell death, which may have contributed 
to the worsened disease in Cryab-‘~ animals, we analysed brains and 
spinal cords from wild-type and Cryab”'~ EAE mice for cleaved and 
uncleaved caspase-3. Cryab protects cells from apoptosis by down- 
regulating caspase-3 expression during stress”''. Compared to wild- 
type animals, mice lacking Cryab expression had more staining for 


uncleaved caspase-3 in inflammatory lesions in the CNS, particularly 
in spinal cord at both the acute (day 14) (Supplementary Fig. 2) and 
later (day 42) stages (Fig. 1g, h) of EAE. Cleaved caspase-3 expression 
was only observed at day 42 in both wild-type and Cryab ‘~ mice 
with EAE (Fig. 1d-f and Supplementary Fig. 2). The Cryab”'~ mice 
showed more staining of cells with large nuclei and abundant cyto- 
plasm, which were morphologically consistent with glia in the white 
matter, whereas few smaller immune cells were positive (Fig. 1f). To 
correlate the cleaved caspase-3 expression with apoptosis, we per- 
formed TUNEL staining on CNS tissues of mice with late-stage EAE. 
Most TUNEL-positive cells in wild-type animals with EAE showed 
typical dense nuclear staining (Fig. 1i), whereas TUNEL-positive cells 
in the Cryab’'~ mice were more numerous, anda greater proportion 
of positive cells had more abundant, diffuse cytoplasm staining and 
processes, suggesting that they were glia (Fig. 1j). We quantified the 
numbers of TUNEL-positive presumed immune cells (parenchymal 
nuclei) from apoptotic glial cells (Table 1). Null animals had more 
TUNEL-positive parenchymal and glial staining at both the acute 
(day 14) and progressive (day 42) EAE stages (Table 1). These results 
indicate that Cryab may have a role in preventing apoptosis of glial 
cells in the CNS during EAE. 

EAE is driven by pathogenic immune responses against myelin 
proteins and lipids. Cryab may have an anti-inflammatory role’. 
To determine whether the immune response to constitutively 
expressed myelin proteins was also affected in Cryab ‘~ mice with 
EAE, we compared the proliferative ability and cytokine secretion of 
lymphoid cells from the spleen and lymph nodes from Cryab-‘~ and 
wild-type animals. Splenocytes and lymph node cells from Cryab ‘~ 
MOG-immunized mice showed significantly higher proliferation 
and secretion of the Th1 cytokines IL-2, IFN-y, TNF, IL-12 p40 
and Th17 cytokine IL-17 compared to wild-type animals (Fig. 1b, 
c). No Th2 cytokines (IL-4 and IL-10) were detectable in these cell 
types from either Cryab ‘~ or wild-type animals (not shown). 

To determine the specific immune cells that were hyper-responsive 
during EAE in Cryab ‘~ mice, we assessed the proliferation capabil- 
ities and cytokine production of T cells and antigen-presenting 
cells such as macrophages and dendritic cells. CD3* T cells from 
Cryab ‘~ MOG-immunized mice stimulated with MOG proliferated 
more and secreted higher concentrations of IL-2, IFN-y and IL-17 
compared with their wild-type counterparts (Fig. 2a). Naive CD3* T 
cells from null animals also showed a similar hyper-responsiveness 
when stimulated in culture with anti-CD3 and anti-CD28 (not 
shown). 

To assess whether antigen-presenting cell function was also 
affected, macrophages and dendritic cells from wild-type and 
Cryab-'~ mice were stimulated with lipopolysaccharide (LPS). 
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2301 CE Leiden, The Netherlands. °National Eye Institute, National Institutes of Health, Bethesda, Maryland 20892, USA. °Center for Neurologic Disease, Harvard Medical School, 
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Figure 1| Worse EAE, increased immune activation and glial apoptosis in 
Cryab~’~ mice. Representatives from four EAE experiments show 

mean + s.e.m. clinical scores of wild-type (WT) and Cryab ‘~ mice 

(a) (*P <0.05 Mann-Whitney; P = 0.0008 linear regression days 9-15; 
n= 10 mice per group); and proliferation rate (b) and cytokine production 


Null macrophages showed increased capacities to secrete inflam- 
matory cytokines, releasing more IL-12 p40, IL-6 and IL-1f 
(Fig. 3a). These cells also secreted more IL-10, whereas there was 
no difference in TNF production. Similar to Cryab-deficient macro- 
phages, LPS-stimulated Cryab~'~ dendritic cells produced more IL- 
6, IL-12 p40 and TNF compared with wild-type cells (Supplemen- 
tary Fig. 4). Wild-type dendritic cells on the other hand secreted more 
IL-1p. 

To determine whether hyper-responsive immune cells from 
Cryab ‘~ mice contributed to either the inductive or the chronic 
phase of worsened EAE in Cryab-null animals, adoptive transfer 
experiments were performed. MOG-reactive splenocytes from 
wild-type and Cryab‘~ immunized mice were injected into 
Rag2 '~ mice. Significantly worse disease was observed in Rag? /~ 


( (mean + s.e.m.; *P < 0.05, **P < 0.02, 
*~**P < 0.005, Student’s t-test). d-j, Day 42 spinal cord from wild-type 
(d, g, i) and Cryab ‘~ (e, f, h, j) immuno-stained for cleaved (d-f) and 
uncleaved caspase-3 (g, h) and TUNEL (i, j). Arrows indicate glia. Scale 
bar, 200 um (d, e, g, h) or 100 tm (f, i, j). 


recipients with Cryab ‘~ cells, but only in the acute phase of disease 
(Supplementary Fig. 5). 

Because the MAP kinase signal transduction pathways are involved 
in Cryab function'**, we determined whether the JNK (c-Jun NH)- 
terminal kinase), ERK (extracellular signal-regulated kinase) or p38 
MAPK (p38 mitogen-activated protein kinase) pathways played a 
part in the immune cell hyper-responsiveness seen in Cryab ‘~ mice 
with EAE. We found that total and phosphorylated p38 expression 
was upregulated in stimulated Cryab-'~ CD3" T cells (Fig. 2b and 
Supplementary Table 2) and macrophages (Fig. 3b and Supple- 
mentary Table 3). There was no difference in expression of the JNK 
and ERK pathway molecules between wild-type and Cryab ‘~ T cells 
and macrophages (not shown). These results demonstrated that the 
inflammatory response was hyperactive in Cryab”'~ animals and 


Table 1| Quantification of inflammatory foci and TUNEL-positive (TUNEL *) cells in brain and spinal cord samples of wild-type and Cryab-’~ mice with 


EAE 

Meninges Parenchyma Total TUNEL* TUNEL" glia 

parenchymal 
nuclei 

Day 14 
Wild-type 59+17.6 49.5+12.3 108.5 + 29.1 145.7 + 46.8 108.3 + 38.7 
Cryab~/~ 127.6:217.7*** 196.4 47.2** 234217.7* 321.7 456,19 * 153.3 + 40.9 
Day 42 
Wild-type 20+10.1 2A 0D 41+11.1 41+13 35415 
Cryab-/— 135 + 25.1* 151.2 49.1""* 286 + 24.1* 275°%:35.1* 142.5 + 7.5* 


Values are means + s.e.m.; *P< 0.05, **P<0.01, ***P < 0.001, ****P = 0.06; Student's t-test, n = 4 mice per group. 
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indicate that Cryab may have a dampening role on immune cell 
populations during EAE, though the dampening effect may be insuf- 
ficient by itself to completely abrogate the disease. 

Astrocytes use the canonical NF-«B pathway to modulate inflam- 
mation in EAE'*’®, and they upregulate expression of Cryab during 
EAE and multiple sclerosis’. We assessed whether the function of 
astrocytes is altered in Cryab'~ mice. Primary astrocytes isolated 
from Cryab ‘~ pups produced more IL-6 compared with wild-type 
astrocytes, 48h following either TNF or staurosporine stimulation 
(Fig. 4a). Because Cryab is anti-apoptotic, we assessed whether 
Cryab-'~ astrocytes underwent cell death at a different rate com- 
pared to wild-type astrocytes. Naive astrocytes from both wild-type 
and Cryab ‘~ mice expressed caspase-3 after four weeks in culture. 
However, naive and TNF-stimulated astrocytes from Cryab ‘~ mice 
showed differential levels of cleaved caspase-3 compared with wild- 
type cells, in which this apoptotic factor remained uncleaved even 
after stimulation with TNF (Fig. 4b). Furthermore, compared with 
wild-type cells a greater percentage of Cryab ‘~ astrocytes had more 
TUNEL staining with and without TNF stimulation (Fig. 4c), sug- 
gesting that Cryab protects astrocytes against normal cell death and 
during stress injury. 

To determine the underlying signalling mechanism(s) mediating 
the increased cell death in the Cryab”'~ astrocytes, we assessed the 
expression of the MAP kinase signal transduction pathways involved 
with Cryab function. Astrocytes from wild-type animals showed 
increased expression of Cryab 72h following TNF stimulation. 
These cells also showed a small increase in p-Cryab (Ser 59) levels 
but p-Cryab (Ser 45) decreased slightly (Fig. 4b). In terms of MAP 
kinase signalling, we found that ERK and p-ERK were upregulated in 
Cryab '~ astrocytes 72h after TNF stimulation compared to wild- 
type astrocytes (Fig. 4b and Supplementary Table 4). p38 was 
also upregulated in null astrocytes after TNF stimulation, but the 
phosphorylated form of this protein was not detected. The levels of 
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Figure 2 | T cells from Cryab-’~ EAE mice are hyper-responsive. 

a, Representative graphs from three experiments showing proliferation rate 
(c.p.m.) and secretion of Th1 (IFN-y, IL-2), Th17 (IL-17) and Th2 (IL-10) 
cytokines (pg ml’) from CD3* T cells isolated from wild-type and 
Cryab ‘~ EAE mice and stimulated with syngeneic irradiated splenocytes 
and MOG 35-55; mean + s.e.m.; *P < 0.05, **P < 0.02, ***P < 0.001, 
Student’s t-test. b, Representative western blots from two separate 
experiments showing p38 and phospho-p38 (p-p38) expression in CD3* T 
cells from wild-type and Cryab ‘~ EAE mice stimulated with syngeneic 
irradiated splenocytes and MOG 35-55 peptide for 1h. 
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protein in TNF-stimulated astrocytes compared with media control 
also demonstrated an increase in p-ERK, ERK and p38 in Cryab /~ 
astrocytes. No changes in JNK and p-JNK expression were seen in 
wild-type and Cryab’'~ astrocytes (not shown). 

We then assessed whether the NF-«B pathway was modulated by 
Cryab. Astrocytes null for Cryab upregulated expression of the active 
subunits NF-KB p65 and NF-«B p105/p50 while down-regulating 
their negative regulator IkB-«, following TNF stimulation (Fig. 4b 
and Supplementary Table 4). Wild-type astrocytes on the other hand 
showed an increase in the IkB-« inhibitor and low NF-«B p50 was 
evident in total protein extracts in this genotype even after TNF 
stimulation (Fig. 4b). An assay for NF-kB DNA binding using nuc- 
lear extracts confirmed an enhancement in NF-«B p50 and NF-«B 
p65 DNA binding activity in null glia compared with wild-type cells 
(Fig. 4d). A small increase in NF-KB p50 DNA binding was seen in 
wild-type glia following TNF stimulation, but this level was much less 
than in activated Cryab-‘~ astrocytes (Fig. 4d). Therefore, Cryab 
probably prevents cell death of astrocytes by inhibiting caspase-3 
activation, and suppresses the inflammatory role of NF-«B in astro- 
cytes during demyelinating disease. 

We have constructed large scale arrays to detect auto-antibodies to 
various myelin antigens, including full length CRYAB, and a number 
of its peptide epitopes’”. In EAE, antibody to peptide regions, known 
as epitopes, pl6—35, p26—45 and p116-135 on CRYAB appears 
within 17 days in the sera after immunization with PLPp139-151 
(ref. 17). We applied these arrays to analyse antibody to CRYAB in 
the cerebrospinal fluid (CSF) of patients with relapsing remitting 
multiple sclerosis (RRMS). Antibodies to native CRYAB and to 
p21-40 and p116—135 of CRYAB were prominently detected com- 
pared to other neurological control (OND) patients (Fig. 5). We also 
detected free CRYAB in the serum and CSF of multiple sclerosis 
patients (Supplementary Fig. 7). 

Our results indicated that CRYAB has both a suppressive effect on 
immunity and an anti-apoptotic role in glia. To show that antibody 
to CRYAB from the CSF of multiple sclerosis patients worsened EAE 
would be complicated by the fact that in EAE there are already anti- 
bodies to CRYAB that arise from epitope spreading’*, as we and 
others have shown earlier'”’’. We therefore assessed whether recom- 
binant CRYAB itself could resolve ongoing EAE. To test this, we 
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Figure 3 | Macrophages deficient in Cryab are hyperactive. 

a, Representative graphs from three experiments showing production of 
cytokines (IL-1, TNF, IL-6, IL-12 p40, IL-10) by wild-type and Cryab'~ 
macrophages stimulated in vitro with LPS; mean + s.e.m., *P < 0.05 
Student’s t-test. b, Representative western blot from two separate 
experiments showing p38 and phospho-p38 (p-p38) expression in wild-type 
and Cryab-null macrophages 72h after stimulation with LPS. 
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Figure 4.| Cryab~’~ astrocytes are more susceptible to cell death and 
augment ERK and NF-«B signalling. a, IL-6 production by wild-type and 
Cryab™'~ astrocytes 48h post-TNF stimulation; *P < 0.03, mean + s.e.m. 
b, Representative blots from two experiments showing Cryab, phospho- 
Cryab, cleaved and uncleaved caspase-3, p38, phospho-p38, ERK, phospho- 
ERK, NE-«B p105/p50, p65 and IkB-z levels in wild-type and Cryab ‘~ 
astrocytes 72h post TNF stimulation. c, Mean = s.e.m. of percentages of 
TUNEL* astrocytes after 72 h with TNF; *P < 0.005. d, Mean = s.e.m. of 
DNA binding of NE-B p50 and p65 in wild-type and Cryab ‘~ astrocytes 
72h post TNF stimulation; *P = 0.067, **P = 0.017, all P values by Student’s 
t-test. 
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treated wild-type 129S6 mice with EAE with recombinant human 
CRYAB, administered intravenously. Mice treated with CRYAB 
showed significantly lower clinical disease scores compared with ani- 
mals injected with PBS or an inert protein control, recombinant 
human myoglobin (Fig. 6a, b). PBS and myoglobin were similar in 
their inability to influence clinical EAE. Cryab”'~ and SJL/J mice 
with EAE were also successfully treated with recombinant CRYAB 
(Supplementary Fig. 6a, b). The amelioration of disease by CRYAB in 
129S6 mice was in part due to decreased infiltration of immune cells 
into the brain and spinal cord (Table 2) and suppression of immune 
cell function (Fig. 6b). We observed decreased proliferation and 
diminished production of IL-2, IL-12 p40, TNF, IFN-y and IL-17 
cytokines by splenocytes taken from mice treated with recombinant 
CRYAB (Fig. 6b). Interestingly, increased production of the immune 
suppressive cytokine, IL-10, was observed at high concentrations of 
MOG stimulation (Fig. 6b). A decrease in immune cell function was 
similarly observed in CD3™ T cells stimulated in vitro with anti-CD3/ 
anti-CD28 and treated with recombinant CRYAB (not shown). 

To assess whether recombinant CRYAB treatment affected cell 
death in the CNS we performed TUNEL-staining on brain and spinal 
cord sections from PBS and CRYAB-treated EAE mice. Less TUNEL 
staining was observed in CNS parenchyma in mice treated with 
CRYAB compared to PBS-injected animals (Table 2; Supplemen- 
tary Fig. 3). In addition, fewer TUNEL-positive cells with diffuse 
cytoplasmic staining suggestive of dying glial cells were seen in the 
CNS of crystallin-treated animals, suggesting a protective effect on 
glia by exogenously administered recombinant CRYAB. 

Other mechanisms of CRYAB therapy are being investigated, such 
as whether recombinant CRYAB could bind to or traverse across 
plasma membranes” or neutralize CRYAB antibodies akin to strat- 
egies in Alzheimer’s disease*!”’. 

One of the main adaptive immunological responses in multiple 
sclerosis and its animal model, EAE, is thus directed to an inducible 
stress protein, CRYAB. Such an immune response targeting a nega- 
tive regulator of brain inflammation thus disrupting its function®*”, 
is comparable to damaging the braking system of a vehicle that is 
already careening into danger. Remarkably, addition of that very 
same stress protein, akin to restoring the brakes that were failing, 
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Figure 5 | Myelin antigen array analysis demonstrates antibody targeting 
of CRYAB in RRMS patients. Analysis was performed on CSF from RRMS 
and OND patients. Statistical analysis of microarrays (SAM) identified 
significant differences in antibodies in RRMS compared with OND. Samples 
are arranged with hierarchical clustering, and displayed as a heat map. RRMS 
patients demonstrated significantly increased auto-antibodies against 
various myelin epitopes including CRYAB protein and peptides (J37, Golli- 
myelin basic protein isoform J37); PLP, proteolipid protein; MBP, myelin 
basic protein; HSP, heat shock protein; Abeta, amyloid beta). A false 
discovery rate threshold of 1.9% and numerator threshold of 2.0 were used. 
Prediction analysis of microarrays (PAM) yielded a classification model with 
21 markers, with cross-validated sensitivity of 10/12 = 83% and specificity of 
11/12 = 92%. 
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Figure 6 | CRYAB suppresses disease and inflammation in EAE. 

a, Representative graph from three experiments showing mean = s.e.m. 
scores of 12986 EAE mice treated with CRYAB, PBS or myoglobin. 
Treatment indicated with arrows. °*P < 0.05 Mann-Whitney, 5CRYAB 
versus myoglobin, *CRYAB versus PBS; linear regression (CRYAB versus 
PBS, P = 0.0011; CRYAB versus myoglobin, P = 0.038), days 13-22; n = 10 
mice per group. b, Proliferation rate (c.p.m.) and cytokine production (pg 
ml‘) of splenocytes at day 25 (white arrow head) of EAE during CRYAB or 
PBS treatment. EAE: *P < 0.05, {P < 0.01 Mann-Whitney; P = 0.0258 
linear regression (n = 10 mice per group); proliferation and cytokine: 
*P<0.05, tP < 0.01, tP < 0.005, Student’s t-test. 


returns control. CRYAB, a negative regulator of inflammation in EAE 
and multiple sclerosis brain, and a potent modulator of glial apop- 
tosis, is apparently located at a critical tipping point in the patho- 
physiology of multiple sclerosis. 


METHODS 

EAE. EAE was induced in Cryab-null (Cryab ‘~) and wild-type 129S6/SvEvTac 
mice with myelin oligodendrocyte glycoprotein (MOG p35-55) and Bordetella 
pertussis toxin. Clinical disease was scored as followed: 0, no disease; 1, limp tail; 
2, hindlimb weakness; 3, complete hindlimb paralysis; 4, hindlimb paralysis plus 
forelimb paralysis; and 5, moribund or dead. For recombinant CRYAB treat- 
ment, EAE mice were injected intravenously every second day with saline, 10 1g 
recombinant human CRYAB or 10 pg recombinant human myoglobin. Paraffin- 
embedded brain and spinal cords were processed for histological analysis and 
apoptosis detection. 

Cell activation. Splenocytes, lymph node cells, CD3* T cells, primary macro- 
phages, dendritic cells or astrocytes were stimulated with MOG, LPS or TNF. 
Proliferation rates were determined by [*H]-thymidine incorporation and cyto- 
kine secretion assessed by enzyme-linked immunosorbent assay (ELISA). 
Western blot. CD3* T cells, macrophages and astrocytes protein lysates 
were subjected to SDS-PAGE electrophoresis. Proteins were transferred to 
PVDF membranes and immunoblotted with various CRYAB, caspase-3, MAP 
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Table 2 | Quantification of inflammatory foci and TUNEL-positive 
(TUNEL*) cells in brain and spinal cord samples of wild-type mice with 
EAE treated with PBS or recombinant human CRYAB 


Meninges Parenchyma Total TUNEL* 
PBS 11534318 107.74 28.3 223+60.1 487.1+104.1 
Recombinant 48.7 + 19.8* 52238.5* 100.7455.8** 152.72 74" 
CRYAB 


Values are means + s.e.m.; *P << 0.03, **P < 0.005; Student's t-test, n = 3 mice per group. 


kinase and NF-«B antibodies. Bound antibodies were visualized by enhanced 
chemiluminescence. 
Myelin arrays. Proteins and peptides representing candidate myelin auto- 
antigens were printed in ordered arrays on the surface of SuperEpoxy micro- 
scope slides. Myelin arrays were probed with 1:20 dilutions of cerebrospinal fluid 
derived from relapsing remitting multiple sclerosis or other neurologic disease 
control patients, followed by Cy-3-conjugated anti-human IgG/M secondary 
antibody. Arrays were scanned, and fluorescence quantified as a measure of 
auto-antibody binding'’. 
Statistical analysis. Data are presented as means + s.e.m. EAE results were ana- 
lysed by Mann-Whitney statistics and linear regression, whereas proliferation 
rate, cytokine production, histological analysis and densitometry were assessed 
by Student’s t-test. Myelin array results were analysed using Significance Analysis 
of Microarrays (SAM)* and Prediction Analysis of Microarrays (PAM). 

A detailed description of the materials and methods is described in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice. Cryab-null mice (Cryab-/~) were developed at the NIH National Eye 
Institute*®. These mice were generated from embryonic stem cells with a 
129S4/SvJae background and maintained in 129S6/SvEvTac X 129S4/SvJae 
background. Cryab ‘~ mice are viable and fertile, with no obvious prenatal 
defects and normal lens transparency. Older mice show postural defects and 
progressive myopathy that are apparent at approximately 40 weeks of age”®. 
We studied these mice between 8-12 weeks thus removing the possible effects 
of myopathy on our clinical evaluation. The Cryab ‘~ mice also have a deletion 
of the related gene, Hspb2. It is unlikely that deletion of the Hspb2 gene would 
have any effects on the immunological or neurobiological processes involved in 
this study, primarily because it is not normally expressed in brain and in any 
lymphoid cell’. Also, Hspb2 is not heat-shock-inducible, unlike Cryab, and is 
thus unlikely to act as a general ‘chaperone”’’”*. We therefore attribute the effects 
observed to Cryab deficiency only, and not to Hspb2 deficiency. 129S6/SvEvTac 
(Taconic Farms) mice were used as controls. Colonies of wild-type and Cryab-/~ 
mice were maintained in our animal colony and bred according to Stanford 
University Comparative Medicine guidelines. SJL/J mice were purchased from 
Jackson Laboratories, Bar Harbor, Maine. 

EAE induction. EAE was induced in 8—12-week-old female mice via subcutan- 
eous immunization with 100 tg myelin oligodendrocyte glycoprotein (MOG 
p35—55) (Cryab ‘~ and wild-type 129S6/SvEvTac animals) or proteolipid pro- 
tein (PLP 139-151) (SJL/J) peptide in an emulsion mixed (volume ratio 1:1) with 
Complete Freund’s Adjuvant (CFA) (containing 4 mgml ' of heat-killed 
Mycobacterium tuberculosis H37Ra, Difco Laboratories). MOG-immunized 
Cryab‘~ and wild-type 129S6/SvEvTac animals were additionally injected 
intravenously with 50 ng of Bordetella pertussis toxin (Difco Laboratories) in 
PBS at the time of, and two days following immunization. MOG p35-55 and 
PLP 139-151 peptides were synthesized by the Stanford Pan Facility and purified 
by high performance liquid chromatography (HPLC). Mice (m= 8-10 per 
group) were examined daily for clinical signs of EAE and were scored. All animal 
protocols were approved by the Division of Comparative Medicine at Stanford 
University and animals were maintained in accordance with the guidelines of the 
National Institutes of Health. 

Adoptive transfer. Female, 8-12-week-old Cryab‘~ and wild-type 129S6/ 
SvEvTac animals were immunized with 100g myelin oligodendrocyte gly- 
coprotein (MOG p35-55) peptide in CFA (containing 4 mg ml! of heat-killed 
Mycobacterium tuberculosis H37Ra, Difco Laboratories) along with 50ng of 
Bordetella pertussis toxin (Difco Laboratories) in PBS administered intrave- 
nously at days 0 and 2 following immunization. Splenocytes were isolated at 
day 10 following immunization and cultured in the presence of 20 ug ml! MOG 
35-55 and 20ngml ' murine rIL-12 (R&D Systems). Cells were collected and 
washed in PBS after 4 days in culture. Living (2 X 10”) wild-type and Cryab"/~ 
cells were intravenously injected into female Rag2 ‘~ mice (Taconic Farms). 
Animals were also injected intravenously with 50 ng pertussis toxin on the day of, 
and 48 h after cell transfer”. 

Histopathology. Brains and spinal cords were dissected from mice, fixed in 10% 
formalin in PBS and embedded in paraffin. Seven-micron-thick sections were 
stained with haematoxylin and eosin to detect inflammatory infiltrates and luxol 
fast blue for demyelination. Inflammatory foci (greater than 10 inflammatory 
cells per focus) were counted in meninges and parenchyma of sections contain- 
ing brain, thoracic and lumbar spinal cord from each mouse by an examiner 
masked to the treatment status of the animal. 

Astrocyte culture. Astrocytes were derived from the brains of 2-day-old 
Cryab ‘~ and wild-type pups. Briefly, the cerebral cortices from three pups of 
each genotype were dissected and placed in modified Dulbecco’s modified 
Eagle’s medium (DMEM, Invitrogen) containing penicillin-streptomycin-L-glu- 
tamine (Invitrogen). The meninges were removed and the cortices placed in 1 ml 
of complete DMEM containing 10% fetal bovine serum, 2 mM t-glutamine, 
1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 100 U ml penicil- 
lin and 0.1 mg ml! streptomycin (Invitrogen). The cortices were minced, vor- 
texed at high speed for 1 min, and passed though an 18.5-gauge needle. The 
ensuing mixture was filtered successively through sterile 80-1m and 11-pm 
nylon filters (Millipore) using a 25-mm Swinnex syringe filter holder 
(Millipore). The filtered cells were then diluted up to 1ml with complete 
DMEM, plated into three 75-cm‘ tissue culture flasks containing 10 ml of com- 
plete DMEM, and placed in a 5% aerated CO, incubator kept at 37 °C. After 10— 
12 days in culture flasks, cells were shaken at 250 r.p.m. for two hours at 37 °C to 
remove microglia, fibroblasts or endothelial cells. Confluent astrocytes were 
stimulated with 200 ng ml! recombinant TNE (BioSource) or 100 nM stauros- 
porine (Sigma) and the cells and supernatants harvested for ELISA and western 
blot analysis following stimulation. Astrocytes were also grown on glass cover- 
slips, stimulated with 200 ng ml! recombinant TNF and stained for apoptosing 
cells using the TUNEL technique (described below). 
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Immune cell activation assays and cytokine analysis. Splenocytes and lymph 
node cells (5 X 10° cells/well) or CD3* T cells (5 X 10° cells per well; purified by 
negative selection, R&D Systems) were cultured in flat-bottomed, 96-well plates 
in media (RPMI 1640 supplemented with 2mM L-glutamine, 1mM sodium 
pyruvate, 0.1 mM non-essential amino acids, 100 U ml ' penicillin, 0.1 mg ml! 
streptomycin, 0.5 1M 2-mercaptoethanol and 10% fetal calf serum) with MOG 
p35-55 peptide (5-20 ug ml '). To determine in vivo T-cell function CD3* T 
cells were purified from the spleens and lymph nodes of day 9 MOG-immunized 
mice and cultured 1:5 with irradiated syngeneic splenocytes and MOG p35-55 
peptide (5-20 ug ml '). 

Primary macrophages were isolated from the peritoneal cavity of Cryab ‘~ 
and wild-type mice 3 days after intraperitoneal injection with 3 ml of 3% (w/v) 
thioglycollate (BD Diagnostics Systems) and cultured (1 X 10° cells ml~') with 
media alone (DMEM supplemented with 10% FCS, 1mM sodium pyruvate, 
100U ml! penicillin, and 0.1mgml~' streptomycin) in 24-well plates for 
72h and then activated with 100 ng ml“! of LPS. 

Primary dendritic cells were isolated from the spleens of naive Cryab ‘~ and 
wild-type animals by magnetic cell sorting according to the manufacturer’s 
directions for the CD11c MACS dendritic cell kit (Miltenyi Biotec). Dendritic 
cells (1 X 10° cellsml~!) were cultured in DMEM containing 10% FCS, 
100U ml! penicillin, and 0.1mgml~' streptomycin in 24-well plates and 
pulsed with 100 ng ml! LPS for 1h, 24h, 48h and 72h. 

To assess proliferation rate, cultures were pulsed with [*H]-thymidine 
(1 pCi per well) after 72h of culture and harvested 18h later onto filter paper. 
The counts per minute (c.p.m.) of incorporated [*H]-thymidine were read using 
a beta counter. Cytokines were measured in the supernatants of cultured cells 
using anti-mouse OPTEIA ELISA kits (BD Pharmingen). Supernatants were 
taken at the time of peak production for each cytokine (48 h: IL-2, IL-12 p40, 
IL-6, IL-1B; 72h: IFN-y, TNF; 96 h: IL-17; 120h: IL-4, IL-10). For all activation 
assays, cells were pooled from three animals per group and triplicate wells plated. 
Recombinant CRYAB treatment. 129S6, Cryab ‘~, and SJL/J mice were 
induced with EAE using 100 pg MOG p35—55 (for 12986 and Cryab /~) or 
100g PLP 139-151 (for SJL/J) peptide emulsified in CFA. 129S6 and 
Cryab '~ mice were also injected intravenously with 50 ng of Bordetella pertussis 
toxin (Difco Laboratories) in PBS at the time of, and two days following immun- 
ization. When mice had hindlimb paralysis animals were divided into three 
groups balanced for mean clinical disease scores, and then injected intravenously 
every second day with saline pH7.0, 10 ug recombinant human CRYAB (US 
Biological) or 10 pg recombinant human myoglobin (US Biological) diluted in 
saline. To determine the effect of CRYAB treatment on immune cell function 
during EAE splenocytes from 12986 mice were isolated during the remission 
phase, and stimulated in vitro with MOG 35-55 (5-20 tg ml‘). Proliferation 
rate was determined by [*H]-thymidine (1 ,1Ci per well) incorporation after 72 h 
of culture, whereas cytokines were measured in the supernatants at the time of 
their peak production (48 h: IL-2, IL-12 p40, IL-6, IL-1; 72h: IFN-y, TNF; 96 h: 
IL-17; 120h: IL-4, IL-10). Brains and spinal cords were harvested at the end of the 
experiment, embedded in paraffin and sections processed for histological ana- 
lysis and TUNEL staining. 

Western blot analysis. CD3° T cells, macrophages and astrocytes were lysed in 
50mM Tris-HCl buffer, pH 7.4, containing 1% NP-40, 10% glycerol, 1mM 
EDTA, 1mM Na;VO,, 1mM NaF, 1mM DTT, 4.5mM Na pyrophosphate, 
10mM f-glycerophosphate, and a protease inhibitor cocktail tablet (Roche 
Diagnostics). The supernatants were collected after centrifugation at 
13,000 r.p.m. at 4°C for 30 min, and protein content determined with a spec- 
trophotometer using absorption at 280nm. Protein lysates (30-50 tg) were 
suspended in two volumes of double-strength sodium dodecyl sulphate (SDS) 
Sample Buffer (Bio-Rad Laboratories) and subjected to SDS—polyacrylamide gel 
electrophoresis using 10 or 15% Tris-HCl Ready Gels (Bio-Rad Laboratories). 
Proteins were transferred to PVDF membranes and blocked with 5% non-fat 
dried milk in 20 mM Tris—HCl-buffered saline (TBS), pH 7.4, containing 0.05% 
Tween-20. Membranes were immunoblotted 1:500 with the following antibodies 
overnight at 4°C: p-CRYAB (Ser 45), p-CRYAB (Ser 59), CRYAB (StressGen 
BioReagents); actin (Sigma); p-p38, p38, p-ERK, ERK, p-SAPK/JNK, SAPK/ 
JNK, caspase-3, NF«KB p105/p50, NF-KB p65, IkB-o (Cell Signalling 
Technology). Membranes were washed three times for 15 min with TBS buffer 
containing 0.1% Tween-20. Bound antibodies were visualized using peroxidase- 
conjugated secondary antibody (Amersham) followed by detection using an ECL 
kit (Pierce). For reblotting, the membrane was first stripped in buffer (62.5 mM 
Tris-HCl, pH 6.8, with 2% SDS and 100mM f-mercaptoethanol) for 1h at 
50°C. 

Immunohistochemistry. Paraffin-embedded sagittal sections (71m) were 
hydrated and treated for antigen retrieval using 10mM _ sodium citrate. 
Sections were incubated in 1% hydrogen peroxide to quench endogenous per- 
oxidase, blocked in 1% BSA in PBS for 1 h at room temperature, and incubated 
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overnight at 4°C with caspase-3 (1:50) or cleaved caspase-3 (1:400) (Cell 
Signaling). Bound antibody was detected using Vectastain ABC anti-rabbit kits 
(Vector Laboratories) and 3,5-diaminobenzidine (DAB)/H2O> reagent as sub- 
strate. Before mounting, sections were counterstained with Mayer’s haematoxy- 
lin and dehydrated in graded ethanols. To detect for apoptosis using the 
TUNEL method, we used the ApopTag peroxidase in situ apoptosis detection 
kit according to the manufacturer’s directions for paraffin-embedded sections 
(Chemicon). TUNEL-positive small, round parenchymal cells and larger glia 
were counted in CNS tissue from representative mice. For astrocyte cultures, 
proportions of TUNEL-positive cells in fifty randomly selected fields per slide 
were quantified. 

NF-xB binding assay. Wild-type and Cryab ‘~ astrocytes were stimulated with 
200ngml~' TNF (BioSource) for 72 h and nuclear protein extracts isolated 
using Clontech Laboratories’ Transfactor Extraction kit. NF-KB p50 and NF- 
«kB DNA binding was detected with 15 ug of nuclear protein using Clontech 
Transfactor Family Colorimetric kit-NF-«B. 

Myelin arrays. Myelin antigen arrays were printed and probed as previously 
described’’. Briefly, proteins and peptides representing candidate myelin auto- 
antigens were printed in ordered arrays on the surface of SuperEpoxy micro- 
scope slides (TeleChem). Myelin arrays were probed with 1:20 dilutions of 
cerebrospinal fluid (CSF) derived from relapsing remitting multiple sclerosis 
(RRMS) or other neurologic disease (OND) control patients, followed by Cy- 
3-conjugated anti-human IgG/M secondary antibody (Jackson Immuno- 
research). Arrays were scanned, and fluorescence quantified as a measure of 
auto-antibody binding. 

Measurement of free CRYAB in sera and CSF. Paired post-mortem samples of 
CSF (0.5 mL) and serum (1.0 mL) of clinically definite, and neuropathologically 
confirmed multiple sclerosis patients were subjected to denaturation by 1:10 
dilution in 8 M urea and 2% (vol/vol) acetic acid and left at room temperature 
for 1h to disrupt all possible immune complexes. Samples were next applied 
onto a reversed-phase HPLC column (C4 matrix, 5 micron particle size, 250A 
pores) and washed with 0.1% (vol/vol) trifluoroacetic acid (TFA) in water, 
containing 25% acetonitrile. In a final step, any CRYAB in the samples was eluted 
from the column with 45% acetonitrile in 0.1% TFA (CRYAB elutes at 37% 
acetonitrile under these conditions) and the eluate was lyophilized. Dried pro- 
teins were redissolved in 120 ml (CSF) and 500 ml (serum) and 20 ml of these 
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samples were subjected to SDS-PAGE and western blotting using a monoclonal 
antibody to CRYAB. Thus, CSF samples were concentrated about 4 times, and 
serum 2 times. Human recombinant CRYAB (0.4 mg) was used as a reference. 
Western blot densitometric quantification. Western blot bands were quan- 
tified using NIH Image Analysis 1.63 software. Briefly, arbitrary pixel units were 
obtained for an area around each band and the optical density (OD) within that 
area. A ratio of OD:area was derived for each band. The OD:area values for a 
protein of interest were then normalized to the corresponding actin OD:area 
values. 

Statistical analysis. Data are presented as means + s.e.m. When data were para- 
metric a t-test (n= 2 groups) was used to detect between-group differences. 
When data were non-parametric, Mann—Whitney U statistics were used for 
n= 2 groups. Clinical results when measured on a daily basis were compared 
with linear regression analysis in a pairwise comparison with either PBS or 
myoglobin or both controls. Myelin array results were analysed using 
Significance Analysis of Microarrays (SAM)”° to identify antigen features with 
significant differences in antibody reactivity. These antigen ‘hits’ and the patient 
samples were then ordered using a hierarchical clustering algorithm and the 
results displayed as a heat map using TreeView software”. 


26. Brady, J. P. et al. «B-crystallin in lens development and muscle integrity: a gene 

nockout approach. Invest. Ophthalmol. Vis. Sci. 42, 2924-2934 (2001). 

27. Suzuki, A. et al. MKBP, a novel member of the small heat shock protein family, 

binds and activates the myotonic dystrophy protein kinase. J. Cell Biol. 140, 

113-1124 (1998). 

28. Doerwald, L. et al. Sequence and functional conservation of the intergenic 

region between the head-to-head genes encoding the small heat shock proteins 

o#B-crystallin and HspB2 in the mammalian lineage. J. Mol. Evol. 59, 674-686 

(2004). 

29. Huang, D. R., Wang, J., Kivisakk, P., Rollins, B. J. & Ransohoff, R. M. Absence of 
monocyte chemoattractant protein 1 in mice leads to decreased local 
macrophage recruitment and antigen-specific T helper cell type 1 immune 
response in experimental autoimmune encephalomyelitis. J. Exp. Med. 193, 
713-726 (2001). 

30. Eisen, M. B., Spellman, P. T., Brown, P. O. & Botstein, D. Cluster analysis and 
display of genome-wide expression patterns. Proc. Natl Acad. Sci. USA 95, 
14863-14868 (1998). 


©2007 Nature Publishing Group 


nature 


LETTERS 


Vol 448|26 July 2007 |doi:10.1038/nature05969 


Essential autocrine regulation by IL-21 in the 
generation of inflammatory T cells 


Roza Nurieva', Xuexian O. Yang’, Gustavo Martinez’, Yongliang Zhang’, Athanasia D. Panopoulos', Li Ma’, 
Kimberly Schluns’, Qiang Tian*, Stephanie S. Watowich', Anton M. Jetten® & Chen Dong’ 


After activation, CD4* helper T (Ty) cells differentiate into dis- 
tinct effector subsets that are characterized by their unique cyto- 
kine expression and immunoregulatory function’*. During this 
differentiation, Ty1 and Ty2 cells produce interferon-y and 
interleukin (IL)-4, respectively, as autocrine factors necessary 
for selective lineage commitment. A distinct Ty subset, termed 
Tyi-17 Ty17 or inflammatory Ty (Tyi), has been recently iden- 
tified as a distinct Ty lineage mediating tissue inflammation’. 
Ty17 differentiation is initiated by transforming growth factor-B 
and IL-6 (refs 5-7) and reinforced by IL-23 (ref. 8), in which signal 
transduction and activators of transcription (STAT)3 and retinoic 
acid receptor-related orphan receptor (ROR)-y mediate the lin- 
eage specification® °. T,17 cells produce IL-17, IL-17F and IL- 
22, all of which regulate inflammatory responses by tissue cells 
but have no importance in Ty17 differentiation'’"*. Here we show 
that IL-21 is another cytokine highly expressed by mouse Ty17 
cells. IL-21 is induced by IL-6 in activated T cells, a process that is 
dependent on STAT3 but not ROR-y. IL-21 potently induces T17 
differentiation and suppresses Foxp3 expression, which requires 
STAT3 and ROR-y, which is encoded by Rorc. IL-21 deficiency 
impairs the generation of Ty17 cells and results in protection 
against experimental autoimmune encephalomyelitis. IL-21 is 
therefore an autocrine cytokine that is sufficient and necessary 
for T;17 differentiation, and serves as a target for treating inflam- 
matory diseases. 

In a gene expression analysis of Ty1, Ty2 and Ty17 cells differ- 
entiated in vitro, we found that the expression of IL-21 increased in 
Ty17 cells in comparison with that of Ty1 or Ty2 cells (data not 
shown). IL-21, belonging to the common y-chain family, regulates T, 
B, natural killer and dendritic cells'’®. IL-21 is expressed mainly by 
CD4* T cells, at higher levels by Ty;2 than by Ty] cells'®. The addition 
of IL-21 during Ty1 differentiation decreased interferon (IFN)-y 
production through repressing the expression of Eomes'’. How- 
ever, IL-21 expression by T};17 cells has not been reported. In OT- 
II cells activated under neutral (T}0), Ty1 (IL-12 plus anti-IL-4), 
Ty2 (IL-4 plus anti-IFN-y) and Ty17 (IL-6, transforming growth 
factor (TGF)-B, IL-23, anti-IFN-y and anti-IL-4) conditions, we 
found IL-17 and IL-21 messenger RNA expression to be significantly 
higher in T},17 cells than other effector cells (Fig. 1a). Consistently, 
although IL-21 was also produced by Ty,2 cells, IL-21 secretion was 
significantly increased in T};17 cells after re-stimulation with anti- 
CD3 (Supplementary Fig. Sla). These data indicate that IL-21 is 
another cytokine highly produced by Ty17 cells. 

To assess the regulation of IL-21 expression during Ty17 differ- 
entiation, naive CD4*CD25- CD62L"'cp44”° Ty cells from C57BL/ 
6 (B6) mice were sorted by fluorescence-activated cell sorting and 
activated with plate-bound anti-CD3 and anti-CD28 in the presence 


of various cytokine stimuli. Analysed on days 2 and 5 after activation, 
mRNA encoding IL-21 was upregulated by IL-6 but not by TGF-B or 
IL-23 (Fig. 1b). No synergistic effect of TGF-f and IL-6 was observed, 
distinct from the regulation of IL-17 and IL-17F, with which TGF-B 
and IL-6 exhibited a remarkable synergy’, possibly by means of chro- 
matin remodelling at the chromosomal locus containing these two 
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Figure 1| IL-21 is highly expressed by T,17 cells. a, OT-II T cells 
differentiated under various conditions were re-stimulated with anti-CD3 
for 4h for real-time RT-PCR analysis. b, Naive B6 T cells were activated with 
anti-CD3, anti-CD28 and IL-2 with indicated cytokines for 2 days (left) or 5 
days (right). After re-stimulation with anti-CD3, cytokine mRNA expression 
was analysed by RT-PCR. ¢, d, Naive T cells from wild-type (open columns) 
and STAT3-deficient (ce, filled columns) or ROR-y-deficient (d, filled 
columns) mice were activated as indicated. T cells were re-stimulated for IL- 
21 mRNA expression. The RT-PCR data shown were normalized to f-actin 
levels, and expression in neutral conditions was set as 1.0. The results shown 
are representative of at least two independent experiments. 
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highly homologous genes'*. IL-21 also increased its own mRNA 
expression (Fig. 1b), indicating an autocrine regulation. 

To examine the requirement for IL-6 in IL-21 expression in vivo, 
we immunized Bé6 and IL-6 knockout (KO) mice with keyhole limpet 
haemocyanin (KLH) in complete Freund’s adjuvant (CFA). One 
week later, spleen cells from immunized mice were re-stimulated 
with KLH ex vivo. Enhanced production of IL-4 and reduced IFN- 
y was observed in the supernatants of IL-6-deficient cells when 
compared with wild-type cells (Supplementary Fig. S1b), which is 
consistent with previous studies'””°. IL-6-deficient cells did not pro- 
duce IL-17 or IL-21. These data indicate that IL-6 is sufficient and 
necessary for inducing IL-21 production by Ty cells. 

STAT3 and the ROR-yt isoform of ROR-y are key transcription 
factors in T};17 differentiation*°. To determine their regulation in 
IL-21 expression, naive Ty cells from STAT3-deficient® or ROR-y- 
deficient” mice and their controls were activated as above. STAT3- 
deficient Ty, cells activated under all conditions failed to produce 
IL-21 mRNA or protein (Fig. 1c, and Supplementary Fig. Sic), as 
well as IL-17, IL-17F and IL-22 (Supplementary Fig. S2a). In contrast, 
although Rorc ‘~ Ty; cells showed a severe deficiency in IL-17, IL-17F 
and IL-22 expression (Supplementary Fig. S2b), IL-21 mRNA and 
protein expression were normal in these cells compared with those 
from wild-type mice (Fig. 1d, and Supplementary Fig. S1d). All these 
data indicate that whereas both STAT3 and ROR-y are required for 
IL-17 expression, IL-21 expression is regulated by STAT3 but not 
ROR-Y. 

Ty cell differentiation is regulated by distinct autocrine cytokines. 
IFN-y regulates Ty1 differentiation through STATI to upregulate 
T-bet expression”, whereas IL-4 regulates T}y2 differentiation 
through STAT6 (ref. 2). To test the possible function of IL-21 in 
Ty differentiation, we activated naive Ty; cells from B6 mice in the 
presence or absence of IL-21. In a similar way to IL-6, IL-21 alone 
inhibited IFN-y expression but only induced a small percentage of 
IL-17-producing cells (Fig. 2a). Addition of IL-21 or IL-6 together 
with TGF-B strongly inhibited Foxp3 expression and greatly 
enhanced IL-17 production (Fig. 2a). IL-23 synergizes with TGF-B 
and IL-6 in Ty17 differentiation®; similarly, it also enhanced the 
generation of T};17 cells by TGF-B and IL-21 (Fig. 2a). To assess 
the role of IL-21 further, expression of lineage-specific genes was 
examined by reverse-transcriptase-mediated polymerase chain reac- 
tion (RT-PCR). IL-21 or IL-6, alone or in combination with TGF-B, 
resulted in upregulation of IL-23 receptor (IL-23R), ROR-y and the 
Ty17 cytokines IL-17, IL-17F and IL-22, and inhibition of Foxp3 and 
T-bet mRNA expression (Fig. 2b). These data indicate that IL-21, ina 
similar way to IL-6, selectively regulates the differentiation of Ty17 
cells. Moreover, activation of wild-type and II6‘~ Ty cells in the 
presence of TGF-f plus IL-21 resulted in similar numbers of Ty17 
cells (Supplementary Fig. S3). Thus, IL-21 functions independently 
of IL-6 in driving T};17 differentiation. We observed no synergistic 
effect of IL-21 and IL-6 (data not shown), which supports the hier- 
archy of these two cytokines in Ty differentiation. 

IL-21 activates STAT3 and STAT and, to a smaller degree, STAT5 
(ref. 15), of which only STAT3 regulates Ty17 differentiation’. When 
naive T cells from STAT3-deficient mice and control mice were dif- 
ferentiated in the presence of IL-21 plus TGF-f, the expression of 
IL-17 by STAT3-deficient T cells was greatly reduced and Foxp3 
expression was enhanced (Fig. 2c, and Supplementary Fig. S4a). In 
addition, deficient mRNA expression of IL-23R, ROR-y, IL-17, IL- 
17F, IL-22 and IL-21 was observed (Fig. 2c). These data indicate an 
essential role of STAT3 in IL-21-mediated T}17 differentiation. 

We next examined whether IL-21-mediated T,,17 differentiation 
is also dependent on ROR-y. Naive Ty cells from wild-type and 
ROR-y-deficient mice were differentiated as above. ROR-y-deficient 
T cells were found to produce markedly decreased levels of IL-17, 
whereas Foxp3 expression was moderately enhanced (Fig. 2d, and 
Supplementary Fig. S4b). Real-time PCR analysis also indicated 
decreased expression of IL-23R, IL-17, IL-17F and IL-22 mRNA in 
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ROR-y-deficient Ty cells compared with the wild type, whereas IL-21 
production in wild-type and Rorc ‘~ Ty cells remained the same 
(Fig. 2d). IL-21 therefore induces Ty17 differentiation and sup- 
presses Foxp3 upregulation, in which STAT3 and ROR-y are 
required. 

We then examined whether IL-21 is necessary for T};17 differenti- 
ation by using an IL-21 KO mouse. T}17 cells generated from these 
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Figure 2 | IL-21 promotes T,:17 differentiation in vitro. a, b, Naive B6 T cells 
activated as indicated were subsequently analysed by intracellular staining 
(a). mRNA expression of indicated genes was analysed by real-time RT-PCR 
(b). c, d, Naive T cells from STAT3 (c) or ROR-y (d) KO mice (filled 
columns) and their appropriate controls (open columns) were activated and 
analysed as above. Numbers in dot-plot quadrants show percentages. The 
data represent at least two independent experiments with consistent results. 
WT, wild type. 
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mice failed to express IL-21 (data not shown). In a similar way to IL- 
21R-deficient mice’>”’, IL-21 KO mice exhibit normal T-cell develop- 
ment (Supplementary Fig. $5). Naive wild-type and [121~/~ Ty cells 
were subjected to T};17 differentiation in the presence of IL-6. IL-21- 
deficient Ty cells showed a deficiency in the generation of IL-17- 
producing cells (Fig. 3a), associated with a significantly increased 
number of Foxp3~ cells compared with wild-type cells (Fig. 3b). 
They were consistently defective in the expression of IL-23R, IL-17, 
IL-17F, IL-22 and ROR-y mRNA, with increased Foxp3 expression 
(Fig. 3c). Similarly, anti-IL-21 or an IL-21 receptor antagonist also 
decreased T};17 differentiation (data not shown). Addition of exogen- 
ous IL-21 to IL-21-deficient T cells partly restored IL-17 expression 
and greatly decreased Foxp3 expression (Supplementary Fig. S6a, b). 

To determine whether IL-21 is essential in the generation of Ty17 
cells in vivo, we first analysed lamina propria and splenic T cells from 
IL-21-deficient mice. In IL-21-deficient mice, lamina propria and 
splenic TCRy5* T cells showed an at least tenfold decrease in IL- 
17-expressing cells compared with those from wild-type mice (Sup- 
plementary Fig. S7a). IL-17* CD4* cells in lamina propria and spleen 
were completely absent from I/21~'~ mice (Supplementary Fig. $7a). 

IL-17-producing T}; cells have been shown to have an important 
pathogenic function in an experimental autoimmune encephalo- 
myelitis (EAE)'***. Although IL-21 is important for humoral 
immunity’, its function in inflammatory disease is unclear. It has 
previously been shown that B cells are not important in an EAE 
model’*. On day 5 after second immunization with myelin oligoden- 
drocyte glycoprotein (MOG) peptide, wild-type and 1121*’” mice 
started to develop disease and by day 11 reached a score of 2.5—3.0 
(Fig. 4a). In contrast, IL-21-deficient mice first showed signs of dis- 
ease on day 8 after the second immunization; on day 11, only very 
mild disease was found in these mice (Fig. 4a). Lack of IL-21 thus 
results in an amelioration of EAE. To understand the underlying 
cause, we further analysed the production of cytokines by CD4* cells 
infiltrating into the central nervous system (CNS) and by spleno- 
cytes. CNS-infiltrating and splenic CD4* T cells from wild-type 


a c 
TGF-B/IL-6  Anti-IFN-y/anti-IL-4 
IL-1-B/TNF-a =TGF-B/IL-6/IL-23 


2,500 
WT ott 


IL-17 


1L-17, ———> 


oO 
IL-21 KO & 
5,000) |L-23R 
Zz 
© 2,500 
oO 
= ) 
b 3 8, RORY 
ao 
4J 
wT ofLm lm ie 
200, Foxp3 


cD25 ——> 


100- | | | 
IL-21 KO i 
0. 2 


& 


Foxp3_ ———> 


Figure 3 | IL-21 deficiency impairs the generation of T,,17 cells in vitro. 
Naive Tj cells from IL-21 KO mice and their littermate control mice were 
activated with the indicated cytokines and neutralizing antibodies. Five days 
later, cells were assessed for IFN-y and IL-17 production (a) or Foxp3 
expression (b) by using intracellular staining. Numbers in quadrants are 
percentages. mRNA expression of various genes was analysed by real-time 
RT-PCR (c). The data shown are normalized to the expression of a reference 
gene, that encoding f-actin. Open columns, wild type; filled columns, IL-21 
KO. The experiments were repeated three times with consistent results. WT, 
wild type. 
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and J121*’~ mice produced similar levels of IL-17; those from 
1121*'~ mice expressed more IFN-y (Fig. 4b). In contrast, CD4™ cells 
from IL-21 KO mice predominantly expressed IFN-y, but not IL-17 
(Fig. 4b). 

To confirm further the role of IL-21 in the differentiation of 
IL-17-producing Ty17 cells in vivo, we immunized wild-type and 
IL-21-deficient mice with MOG peptide in CFA. One week later, 
spleen cells from immunized mice were re-stimulated with 12-O- 
tetradecanoylphorbol-13-acetate (TPA) plus ionomycin or MOG 
peptide ex vivo. Although CD4* T cells from [121-/~ mice showed 
normal IFN-y expression, IL-17-producing cells were almost com- 
pletely absent (Supplementary Fig. $7b). Taken together, these results 
show that a the lack of IL-21 resulted in impaired Ty17 differenti- 
ation in vivo and in protection against EAE. 

Thus, IL-21 is induced in T cells by IL-6 by means of STAT3 and is 
sufficient and necessary for the generation of Ty17 cells, through the 
STAT3-dependent upregulation of ROR-y. IL-21 therefore acts in 
an autocrine fashion as IFN-y does for Tyl and IL-4 for Ty2. 
Considering the IL-25-mediated potentiation of Ty2 differentiation 
and inhibition of Ty17-mediated autoimmunity”*”’, we suggest a 
revised model of Ty, differentiation regulated by the innate system 
and a T-cell-intrinsic mechanism (Supplementary Fig. $8). Speci- 
fically, given that IL-21-deficient mice were protected against EAE, 
IL-21 may be targeted in treating inflammatory diseases. Moreover, 
because IL-21 has broad regulatory functions in immune responses, 
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Figure 4 | IL-21is necessary for the differentiation of IL-17-producing cells 
in vivo. a, 1121*/* (diamonds), 1121*/— (squares) and 1217/— (triangles) 
mice were immunized with MOG peptide to induce EAE. Disease scores 
(means = s.e.m.) combining three independent experiments (wild type 
(WT), 2 =6 mice; 121°’, n= 17 mice; 11217/-, n=9 mice) are shown. P 
values were calculated with the Mann-Whitney U-test by comparing the 
disease score of WT and I121~'~ mice and are indicated as followed: asterisk, 
P< 0.05; two asterisks, P < 0.005; three asterisks, P< 0.001. b, Mononuclear 
cells isolated from spinal cords and brains (left) were stimulated for 5 h with 
TPA and ionomycin, and splenocytes (right) were re-stimulated with MOG 
peptide for 24h, followed by intracellular staining of IL-17 and IFN-y and 
analysis in a CD4” gate. 
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IL-17-expressing T cells, which produce large amounts of IL-21, may 
have an additional immune function that remains to be understood. 


METHODS SUMMARY 

Mice. IL-6-deficient mice were purchased from Jackson Laboratories, and IL-21 
KO mice came from NIH Mutant Mouse Regional Resource Centers. Rorc KO 
mice were backcrossed six generations into C57BL/6 mice. Stat3 fland Tie2-Cre 
mice were bred to yield fl/A Cre* and Cre littermates as described*.The animal 
experiments were performed with protocols approved by the Institutional 
Animal Care and Use Committee. 

T-cell isolation and differentiation. Naive CD4* CD25 CD62L"CD44"° T cells 
were activated with plate-bound 2 1g ml! anti-CD3 and 2 ug ml! anti-CD28 
and 50Uml | IL-2 in the presence of 30ng ml ' IL-6 (Peprotech), 80 ng ml? 
IL-21, 50ngml~! IL-23 (R&D Systems), 2.5ngml~' TGF-B (Peprotech), 
10 pg ml! anti-IL-4 (11B11), 10pgml! anti-IFN-y (XMG 1.2), 10ngml"! 
tumour necrosis factor-« or 10 ng ml — VIL B, or acombination of these stimuli. 
Induction of EAE. For the induction of EAE, mice were immunized with MOG 
peptide emulsified in CFA. Mice were immunized subcutaneously at the dorsal 
flanks with 150 tig of MOG peptide in CFA on days 0 and 7. Pertussis toxin was 
given intraperitoneally on days 1 and 8 with the dose of 500 ng per mouse. Signs 
of EAE were assigned scores on a scale of 1-5 as follows: 0, none; 1, limp tail or 
waddling gait with tail tonicity; 2, wobbly gait; 3, hindlimb paralysis; 4, hindlimb 
and forelimb paralysis; 5, death. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice. IL-6-deficient mice on a C57BL/6 background were purchased from 
Jackson Laboratories, and C57BL/6 mice were used as controls. ROR-y KO mice 
previously reported?! were backcrossed for six or seven generations onto a 
C57BL/6 background, and splenocytes from these and their littermate control 
mice were used for differentiation in vitro. Stat3 fland Tie2-Cre mice were bred 
ona 129 X C57BL/6 mixed background to yield fl/A Cre* and Cre littermates as 
described’, and their spleen and lymph node cells were used for differentiation 
in vitro. IL-21 KO mice ona 129 X C57BL/6 F,mixed background were obtained 
from NIH Mutant Mouse Regional Resource Centers. 121*/~ mice were inter- 
crossed to generate [/21*/*, 1121*'~ and I121~/~ mice for the experiments 
including EAE. Mice (except the ROR-y KO mice) were housed in the SPF 
animal facility at the M. D. Anderson Cancer Center and the animal experiments 
were performed at the age of 6-10 weeks with the use of protocols approved by 
the Institutional Animal Care and Use Committee. 

Immunizations. IL-6 KO and C57BL/6 mice (6-8 weeks old; three per group) 
were immunized with KLH (0.5 mg ml!) emulsified in CEA (0.5 mg ml!) at 
the base of the tail (100 pl for each mouse). Seven days later, spleen cells from 
KLH-immunized mice were stimulated with or without KLH for three days, and 
effector cytokines (IFN-y, IL-4, IL-17 and IL-21) were measured by enzyme- 
linked immunosorbent assay (ELISA) (Pharmingen). IL-21 KO mice and their 
littermate controls (three per group) were immunized with MOG peptide 
(amino acids 35-55; MEVGWYRSPFSROVHLYRNGK) in CFA. Seven days 
later, spleen cells from immunized mice were re-stimulated with 50ng ml! 
TPA and 500ngml ' ionomycin (Sigma-Aldrich) for 5h, or with 25 ug of 
MOG peptide for 24h. In the final 5h, Golgi-stop (BD Bioscience) was added, 
and IL-17- and IFN-y-producing cells were analysed with a BD CytoFix/ 
CytoPerm intracellular staining kit (BD Bioscience). In the same experiment, 
spleen cells were re-stimulated with or without MOG peptide for 3 days, and 
cytokine production was measured by ELISA. 

T-cell differentiation. Differentiation of OT-II cells in Fig. 1a was performed as 
described previously''. For naive T-cell differentiation in other experiments, 
CD4*CD25~ CD62L"CD44" cells were sorted by FACS as described*. Naive 
CD4* T cells were activated with plate-bound 2 pg ml” | anti-CD3 and 2 ug ml! 


nature 


anti-CD28 and 50U ml ' IL-2 in the presence of 30 ng ml! IL-6 (Peprotech), 
80ngml' IL-21, 50ngml~' IL-23 (R&D Systems), 2.5ngml-' TGF-B 
(Peprotech), 10 pg ml ! anti-IL-4 (11B11), 10 ugml! anti-IFN-y (XMG 1.2), 
10ng ml! tumour necrosis factor-e or 10ng ml! IL-1, or a combination of 
these stimuli. Four to five days after activation, cells were washed and re-stimu- 
lated with TPA and ionomycin in the presence of Golgi-stop for 5h, after which 
IL-17- and IFN-y-producing cells were analysed by intracellular staining. 
Intracellular staining for Foxp3 was performed by using a Foxp3 staining kit 
(eBioscience). Lymphocytes were isolated from small intestine lamina propria as 
described previously** and re-stimulated with TPA and ionomycin in the pres- 
ence of Golgi-stop for 5h, after which IL-17-producing cells were analysed by 
intracellular staining. 

Quantitative real-time PCR. Total RNA was prepared from T cells with the use 
of TriZol reagent (Invitrogen). cDNAs were synthesized with Superscript reverse 
transcriptase and oligo(dT) primers (Invitrogen) and gene expression was exam- 
ined with a Bio-Rad iCycler Optical System using a iQ SYBR green real-time PCR 
kit (Bio-Rad). The data were normalized to a B-actin reference. The following 
primer pair for IL-21was used: forward, 5'-TCATCATTGACCTCGTGGCCC- 
3’, reverse, 5’-ATCGTACTTCTCCACTTGCAATCCC-3’. The primers for genes 
encoding IL-17, IL-17F, IL-23R, ROR-y, IL-22, T-bet, Foxp3 and B-actin were as 
described previously’. 

Induction of EAE. For the induction of EAE, female mice were immunized with 
the MOG peptide emulsified in CFA. Mice were immunized subcutaneously at 
the dorsal flanks with 150 jug of MOG peptide in CFA on days 0 and 7. Pertussis 
toxin was given intraperitoneally on days 1 and 8 with a dose of 500 ng per 
mouse. Signs of EAE were assigned scores on a scale of 1-5 as follows: 0, none; 
1, limp tail or waddling gait with tail tonicity; 2, wobbly gait; 3, hindlimb 
paralysis; 4, hindlimb and forelimb paralysis; 5, death. Disease scores from three 
independent experiments (WT, n = 6 mice; 1121*'~, n= 17 mice; 1121" '", n=9 
mice) were combined. P values were calculated with the Mann—Whitney U-test 
by comparing the disease scores of WT and I/21”'~ mice and [121*/~ and 
1121~'~ mice. To analyse central nervous system infiltrates, both brain and spinal 
cord were collected from perfused mice and mononuclear cells were prepared 
with a Percoll gradient. 
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IL-21 initiates an alternative pathway to induce 
proinflammatory T,17 cells 


Thomas Korn’*, Estelle Bettelli'*, Wenda Gao**, Amit Awasthi°, Anneli Jager’, Terry B. Strom’, Mohamed Oukka® 


& Vijay K. Kuchroo' 


On activation, naive T cells differentiate into effector T-cell sub- 
sets with specific cytokine phenotypes and specialized effector 
functions’. Recently a subset of T cells, distinct from T helper 
(Ty)1 and Ty2 cells, producing interleukin (IL)-17 (Ty17) was 
defined and seems to have a crucial role in mediating autoimmu- 
nity and inducing tissue inflammation’®*. We and others have 
shown that transforming growth factor (TGF)-f and IL-6 together 
induce the differentiation of Ty17 cells, in which IL-6 has a pivotal 
function in dictating whether T cells differentiate into Foxp3* 
regulatory T cells (T,.-g cells) or Ty17 cells**. Whereas TGF-f 
induces Foxp3 and generates T,-, cells, IL-6 inhibits the generation 
of Tg cells and induces the production of IL-17, suggesting a 
reciprocal developmental pathway for Ty17 and Tyg cells. Here 
we show that IL-6-deficient (Il6"'~ ) mice do not develop a Ty17 
response and their peripheral repertoire is dominated by Foxp3* 
Treg cells. However, deletion of T,., cells leads to the reappearance 
of Ty17 cells in II6'~ mice, suggesting an additional pathway by 
which Ty17 cells might be generated in vivo. We show that an IL-2 
cytokine family member, IL-21, cooperates with TGF-B to induce 
Ty17 cells in naive Il6~'~ T cells and that IL-21-receptor-deficient 
T cells are defective in generating a T};17 response. 

We previously proposed a reciprocal relationship between T}17 
and Tyg cells and suggested that IL-6 is pivotal in determining 
whether an immune response is dominated by Ty17 or Tyeg cells”"®. 
We predicted that Il6 ‘~ mice would not develop a Ty17 response 
and should have high numbers of CD4* CD25" Foxp3* Treg cells in 
the peripheral repertoire. Thus, we crossed II6 ‘~ mice with Foxp3efp 
‘knock-in’ (Foxp3gfp.KI) mice”! and analysed the presence of Tyg 
versus Tyj17 cells in I16-'~ X Foxp3gfp.KI mice after immunization 
with the encephalitogenic myelin oligodendrocyte glycoprotein 35— 
55 (MOG3s-55) peptide emulsified in complete Freund’s adjuvant 
(CFA). We and others have shown previously that Il6 ‘~ mice are 
resistant to the development of experimental autoimmune encepha- 
lomyelitis (EAE)”'*°. However, the cellular or molecular basis for 
this resistance was unclear although some studies suggested that 
Ilo ‘~ mice might have a defect in T-cell priming’?’*"°. On immun- 
ization, Il6 '~ X Foxp3gfp.KI mice mounted an attenuated T-cell 
response with a defect in the generation of T};17 cells (Fig. 1a). We 
found that Il6 ’~ X Foxp3gfp.KI mice had a significantly elevated 
fraction of Foxp3* Teg cells in the draining lymph nodes (Fig. 1b). 
Thus, the ‘impaired priming’ of antigen-specific T-cell responses 
reported in Il6 ‘~ mice could simply be due to the expansion of 
Tyeg Cells at the expense of effector T cells in an environment that is 
devoid of IL-6. We therefore used MOG35_55/IA? (MHC class II) 
tetramers to analyse the frequency of antigen-specific (tetramer™ ) 
effector T cells (Foxp3/GFP) and Tyeg cells (Foxp3/ GFP‘). In 


contrast with wild-type mice, Il6 ‘~ mice had more MOG-specific 
Treg cells than effector T cells and the ratio of antigen-specific Tyg to 
effector T cells was reversed (Fig. 1c, d). Thus, the lack of IL-6 
favoured the generation or expansion of antigen-specific Teg cells 
and inhibited the development of effector T-cell responses. These 
data are consistent with our hypothesis that IL-6 is crucial in dictat- 
ing the balance between effector T cells and Tyeg cells. 

The deletion of T,eg cells from the peripheral repertoire of Il6~ i= 
mice should therefore result in T-cell priming and induction of auto- 
immunity dominated by interferon (IFN)-y-producing Ty] cells but 
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Figure 1| In the absence of IL-6, antigen-specific Foxp3* Treg cells expand at 
the expense of effector T cells (Tas cells) in vivo. Foxp3gfp.KI (filled circles) or 
Il6-'~ X Foxp3gfp.KI (16 '~; open triangles) mice were immunized with 
MOG3;_55/CFA. a, Draining lymph-node cells were tested for MOG-specific 
proliferation and IL-17 production (means + s.d. for triplicate 
determinations). b, The fraction of Foxp3/ GEP* T cells was determined ex vivo 
by flow cytometry (asterisk, P< 6 X 107’; t-test). WT, wild type. ¢, d, Lymph- 
node cells (¢) and splenocytes (d) from MOG;;_55/CFA-immunized WT and 
Il6'~ mice were cultured for four days in the presence of MOG35-55 and 
stained with a MOG;;_55/IA° tetramer. The ratios of antigen-specific T,., cells 
(MOG tetramer’ CD4* Foxp3*) to Teg (MOG tetramer’ CD4* Foxp3_ ) cells 
are presented (asterisk, P < 0.0003; two asterisks, P < 0.05; t-test). 
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not Ty17 cells. We depleted T,,<g cells in I lo '~ mice by using a mono- 
clonal antibody against CD25 (which led to more than 50% depletion 
of Foxp3* Treg cells; Supplementary Fig. 1) and then immunized with 
MOGs35-55/CFA. As predicted and in contrast with untreated I/6— 
mice, T,.g-depleted I lo ‘~ mice became susceptible to EAE (Fig. 2a, b 
and Table 1). However, cytokine analysis by enzyme-linked immuno- 
sorbent assay (ELISA) and intracellular cytokine staining of CD4* T 
cells from T,..-depleted Il6'~ mice yielded a reappearance of Ty17 
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Figure 2 | Depletion of T,., cells in l16~'~ mice restores the development 
of T,17 cells and susceptibility to EAE. Ilo ‘~ < Foxp3gfp.KI mice were 
treated with antibody against CD25 to deplete T,.. cells or with a control 
immunoglobulin (rat IgG1) and then immunized with MOG35_55/CFA. 

a, b, Clinical EAE scores (means and s.e.m.) (a) and linear regression analysis 
in acute (b, top) and chronic (b, bottom) stages of the disease for wild-type 
(WT), control Il6/~ and Treg-depleted 1l6'~ mice (n.s., not significant). 
c, Lymph-node (LN) cells and mononuclear cells from the central nervous 
system (CNS) were recovered on days 6, 14-17 (peak disease) and 29 
(recovery) and stained for CD4 and intracellular IL-17 and IFN-y. The 
numbers in the quadrants show percentages. d, Splenocytes (day 10) were 
stimulated with MOG35_55 in vitro. Culture supernatants were collected after 
48 h, and IL-17 and IFN-y concentrations were determined. Filled circles, 
WT (IgG); open triangles, Ilo '~ (IgG); open circles, Tl6/~ (anti-CD25). 
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cells (Fig. 2c, d). IL-17 production in T,.g-depleted Il6-'~ mice 
reached almost wild-type levels, suggesting that T}17 cells can be 
generated in vivo in the absence of IL-6. After confirming that 
116 ‘~ mice did not produce residual amounts of IL-6 (Supple- 
mentary Fig. 2), we reasoned that there might be an alternative path- 
way that induces T}17 cells in the absence of IL-6. 

Our previous studies suggested a reciprocal relationship between 
Treg and Ty17 cells’. Using this logic, we screened several cytokines 
to identify possible candidates that could substitute for IL-6. We first 
tested those cytokines that were able to suppress the TGF-B-mediated 
induction of Foxp3 in sorted naive Foxp3/GFP  T cells derived from 
Foxp3gfp.KI mice. As well as IL-6, the IL-12 family member IL-27 and 
the IL-2 family member IL-21 were most efficient in inhibiting TGF-B- 
driven Foxp3 induction (Fig. 3a, b, and Supplementary Fig. 3). Our 
analysis confirmed previous results'”'* showing that IL-27 did not 
induce the differentiation of T}17 cells when combined with TGF-B. 
In contrast, IL-21 in combination with TGF-B not only suppressed 
Foxp3 expression but also induced IL-17 production from naive T cells, 
although not as strongly as TGF-B plus IL-6 (Fig. 3b, c). Retinoic acid 
receptor-related orphan receptor (ROR)-yt has been shown to be a 
transcription factor involved in the differentiation of Ty17 cells’’, and 
TGF-B plus IL-21 also induced ROR-yt expression in differentiating 
Ty17 cells (Fig. 3d). Thus, IL-21 could substitute for IL-6 in the induc- 
tion of ROR-yt and IL-17, indicating that in addition to IL-6, IL-21 
might cooperate with TGF-B to drive the differentiation of Ty;17 cells. 

To test whether IL-21 was responsible for the induction of IL-17 
from naive T cells that do not produce IL-6, we compared the dif- 
ferentiation of naive wild-type and II6'~ T cells in vitro in the 
presence of TGF-f plus IL-21 or TGF-f plus IL-6. TGF-B plus IL- 
21 was sufficient to drive II6-‘~ T cells into the Ty17 pathway, 
although less efficiently than for wild-type T cells (Fig. 4a). Thus, 
in an IL-6-deficient environment, TGF-B plus IL-21 could act inde- 
pendently of IL-6 to induce Ty17 cells. However, the frequency of 
Tyl17 cells induced by TGF-B plus IL-21 was consistently lower than 
that of the induction of T};17 cells driven by TGF- plus IL-6. 

Next we evaluated whether IL-21 was involved in the induction of 
Ty17 differentiation under ‘standard’ differentiation conditions of IL-6 
plus TGF-B and whether the two cytokines (IL-6 and IL-21) cooperated 
to induce Ty17 cells. T cells activated in the presence of IL-6 alone or in 
combination with TGF-B expressed IL-21 (Fig. 4b). Furthermore, ofall 
CD4* T-cell subsets, Ty;17 cells were the highest producers of IL-21 
(Fig. 4b). This suggested that there might be an amplification loop in 
which IL-21 produced by Ty17 cells participates in enhancing further 
differentiation of Ty17 cells. We therefore compared the induction of 
Ty17 cells by TGE-f plus IL-6 in wild-type and I/21r_'~ T cells”’. When 
IL-6 and TGF-B were used to drive the differentiation of T};17 cells, the 
frequency of Ty17 cells induced in I/21r_'~ CD4* T cells was half that 
of wild-type T cells (Fig. 4c), suggesting that IL-21 might normally 
contribute to Ty17 differentiation mediated by TGF-B plus IL-6. If 
these in vitro data were accurate, the Ty;17 response in I/21r ‘~ mice 
should be deficient. We found that the fraction of CD4*CD44*IL-17* 
T cells was significantly reduced in /21r ‘~ mice in comparison with 
wild-type controls (data not shown), and this difference was also 
observed when CD44" T cells were activated in vitro (Fig. 4d, e). 
Notably, the addition of recombinant IL-23 could not compensate 


Table 1| EAE in wild-type and I16~/~ mice 


Group Incidence Mean day of onset Mean maximum score 
(mean = s.d.) (mean = s.d.) 

Wild type (lgG) 11 of 13 (85%) 12.4 + 1.0* 2.5+0.7t 

ll6~/~ (lgG) 2 of 7 (29%) 16.5 + 3.5} 10208 | 

ll6-’~ (anti-CD25) 6 of 11 (55%) 14.5 + 1.9*F 2.9 + 0.5*8 


Mice treated with rat 1gG1 (control) or monoclonal antibody against CD25 (PC61) were 
immunized with MOG3s-ss peptide emulsified in complete Freund's adjuvant. The animals were 
monitored for EAE development. Statistical analysis was performed by comparing groups using 
one-way analysis of variance. *P < 0.008. tNot significant. {Not significant (mean maximum 
score of wild-type (IgG) versus /I6-“~ (anti-CD25)). 8P < 0.002 (mean maximum score of 
Il6~/— (lgG) versus Il6~/~ (anti-CD25)). 
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for the defective T,17 response observed in CD44* /2Ir'~ T cells 
(Fig. 4d, e). On immunization, [/21r‘~ mice showed no appreciable 
defect in T-cell proliferation but a marked decrease in their ability to 
generate a Ty17 response, whereas the production of IFN-y seemed to 
be increased (Fig. 4f). These data suggest that IL-21 produced by differ- 
entiated T};17 cells must have a function in amplifying T};17 differenti- 
ation such that in the absence of IL-21 signalling, the T}17 response is 
compromised. Whereas IL-6 is predominantly produced by cells of the 
innate immune system, IL-21 is produced mainly by the adaptive 
immune system, and activated T cells are the main source of IL-21 
(Supplementary Fig. 4). We therefore speculate that TGF-B and IL-6 
together initiate the differentiation of Ty17 cells, which in turn can 
produce IL-21 and thus further amplify the Ty17 differentiation pro- 
cess. However, in the absence of IL-6, TGF-B together with IL-21 can 
drive T}17 differentiation on their own. IL-6 and IL-21 cooperate in 
Ty17 differentiation, which is further supported by the observation that 
in vivo neutralization of IL-21 in T,.,-depleted [16 ‘~ mice essentially 
abrogated the generation of Ty;17 cells (Supplementary Fig. 5). This 
suggests that IL-6 and IL-21 independently and together must coop- 
erate with TGF-B to induce Ty17 differentiation. 

In summary, together with TGF-B, IL-21 constitutes an additional 
pathway for the generation of pathogenic T};17 cells. The induction 
of IL-17 in naive T cells by a combination of TGF-f and IL-21 also 
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Figure 3 | Inhibition of induction of T,eg cells and generation of T,,17 cells 
by IL-21. CD4*CD62L"Foxp3/GFP  T cells from Foxp3gfp.KI mice were 
stimulated with anti-CD3 and anti-CD28 for three days in the presence of 
the indicated cytokines. a, The expression of Foxp3/GFP was measured and 
the fraction of Foxp3” cells induced by TGF-f was normalized to 100%. 

b, Individual histograms showing Foxp3/GFP expression. The numbers 
above the histogram regions (horizontal lines) represent the percentages of 
Foxp3/GFP* cells. ¢, IL-17 production in these cultures after 48 h as 
measured by ELISA. d, ROR-yt expression as determined by quantitative 
RT-PCR in naive 2D2 (ref. 30) T cells activated for 48 h with anti-CD3 in the 
presence of irradiated syngeneic antigen-presenting cells and the indicated 
cytokines. ROR-yt expression is shown as mean and s.e.m. for duplicate 
determinations, relative to f-actin. 
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suppresses Foxp3 expression, suggesting that similarly to IL-6, IL-21 
is able to regulate the reciprocal developmental pathway of genera- 
tion of Treg and T}17 cells. The importance of the Idd3 genetic locus, 
which controls susceptibility to both EAE and type 1 diabetes and 
regulates the function of Tyeg cells*!, might in part be due to the 
presence of [/21 in addition to [/2 in the Idd3 interval. IL-21 binds 
to the IL-21 receptor, which consists of a unique IL-21 receptor 
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Figure 4 | IL-21-driven T,,17 differentiation is independent of IL-6. Naive 
(a, b), total (¢) or CD44* CD4* T cells (d, e) were cultured with anti-CD3 plus 
corresponding irradiated antigen-presenting cells (a, ¢) or anti-CD3 plus 
anti-CD28 (b, d, e) and the indicated cytokines. a, c, Percentages of IL-17~ 
and IFN-y* cells in T cells from wild-type (WT) or Tl6'~ mice (a) and WT or 
Tl21r‘~ mice (¢) after four days of culture. b, IL-21 mRNA was determined 
by quantitative RT-PCR (means and s.e.m. for duplicate determinations). 
d, e, CD4* CD44" T cells from WT or I/21r'~ mice were stimulated with or 
without recombinant IL-23 for 48 h. IL-17 and IFN-y production were 
determined by intracellular cytokine staining (d) and ELISA (e; open 
columns, WT; filled columns, I/21 r/) (asterisk, P < 0.0005; two asterisks, 
P< 0.003; t-test). f, WT (filled circles) and I121r/~ (open triangles) mice 
were immunized with ovalbumin 323-339 peptide (OVA323 339)/CFA. 
Draining lymph-node cells were assayed for antigen-specific proliferation and 
cytokine production (means and s.d. for triplicate cultures). 
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subunit and the common cytokine receptor y-chain shared by other 
cytokine receptors including the receptors for IL-2, IL-4, IL-7, IL-9 
and IL-15 (ref. 22). In contrast to these cytokines, binding of IL-21 to 
its receptor preferentially activates the downstream signalling mole- 
cules STAT1 and STATS (ref. 23). Because STAT3 is an important 
signalling molecule in T};17 differentiation’, it is likely that IL-21- 
induced activation of STAT3, like IL-6-induced activation of STAT3, 
cooperates with TGF-f signalling to induce the transcription factor 
ROR-yt and drive Ty17 differentiation. 

Because differentiated T};17 cells may be the most robust produ- 
cers of IL-21, we propose that the ability of Ty17 cells to produce IL- 
21 further amplifies the T};17 response. This reverberating pathway is 
similar to the mechanism in which IL-4 produced by Ty2 cells pro- 
motes T}2 differentiation*>*°. However, T};17 responses also seem to 
be tightly counter-regulated in that IL-27, an IL-12 family member 
produced by cells of the innate immune system, and IL-25, an IL-17 
family member produced by the innate immune system and activated 
T cells, can dampen and eventually shut off Ty17 responses'”’*””. We 
suggest that enhanced autoimmunity observed in mice injected with 
exogenous IL-21 (ref. 28) might be partly due to increased differenti- 
ation of Ty17 cells and suppression of T,eg generation in vivo. 
Targeting IL-21 in autoimmune diseases may therefore readjust the 
balance between pathogenic Ty17 and Foxp3* Tyeg cells, which is 
believed to be defective in human autoimmune diseases. 


METHODS SUMMARY 

Mice and reagents. Foxp3gfp.KI mice have been described’. /21r '~ mice on the 
Balb/c background” were obtained from M. Grusby. IL-6-deficient mice and 
wild-type C57BL/6 and Balb/c mice were obtained from Jackson Laboratories. 
EAE induction and analysis, isolation of mononuclear cells from the central 
nervous system as well as the generation of MOG35_55/IA? tetramers and IL- 
21R-Ig are described in Methods. 

In vitro T-cell proliferation and measurement of cytokines. Proliferation was 
determined by incorporation of [*H]thymidine. Cytokines were measured by 
ELISA, cytometric bead array (BD Biosciences) or fluorescent bead assay 
(Luminex). Intracellular cytokine staining and isolation of mRNA for deter- 
mination of cytokine expression by real-time polymerase chain reaction 
(PCR) were performed after stimulation with 12-O-tetradecanoylphorbol-13- 
acetate/ionomycin (see Methods). 

T-cell differentiation in vitro. Naive CD4* T cells (CD4*CD62L™ or 
CD4* CD62L"Foxp3/ GFP ) were purified by fluorescence-activated cell sorting 
and stimulated for three days with plate-bound antibody against CD3 (145- 
2C11, 4g ml ') plus soluble antibody against CD28 (PV-1, 2 ug ml!) or by 
soluble anti-CD3 (2 1g ml‘) plus irradiated syngeneic splenocytes as antigen- 
presenting cells and recombinant cytokines: human TGF-f1 (3 ng ml_'), mouse 
IL-6 (30 ng ml '), mouse IL-21 (100 ng ml!) or mouse IL-27 (25 ng ml |; all 
from R&D Systems). Blocking of IL-21 activity in vitro was performed by the 
addition of a goat anti-mouse IL-21 antibody (25 jg ml '; R&D Systems) or by 
IL-21R-Ig (100 jg ml). Polarization of T cells into Ty1, Ty;2 or Ty17 cells was 
performed by solid-phase anti-CD3 (4pgml~') and soluble anti-CD28 
(2 pg ml!) in the presence of recombinant mouse IL-12 (10 ng ml-!; R&D 
Systems) plus anti-IL-4 (11B.11; 10 ug ml ') for Ty1, mouse IL-4 (10 ng ml |; 
R&D Systems) plus anti-IL-12 (C17.8; 10 tg ml” ') for Ty42, and TGE-f plus IL-6 
for Ty17. Monoclonal antibodies against mouse CD3, mouse CD28, mouse IL-4 
and mouse IL-12 were purified from the supernatants of hybridomas obtained 
from the American Type Culture Collection (ATCC). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Induction of EAE. EAE was induced by subcutaneous immunization of 
mice with 100ul of an emulsion containing 100g of MOG;; 55 peptide 
(MEVGWYRSPFSRVVHLYRNGK) and 250,g of M. tuberculosis H37 Ra 
(Difco) in incomplete Freund’s adjuvant oil plus an intraperitoneal injection 
of 200 ng of pertussis toxin (List Biological Laboratories) on days 0 and 2. For 
Treg depletion, animals were injected intraperitoneally with 500 ug of monoclo- 
nal antibody against CD25 (PC61) on days —5 and —3 before immunization. 
Clinical signs of EAE were assessed as reported''. Linear regression analysis of 
individual EAE scores was performed for the acute disease phase (until the mean 
maximum score was reached in each group) and the chronic disease phase (over 
the complete disease course). Animals were kept in a conventional, pathogen- 
free facility at the Harvard Institutes of Medicine, and all experiments were 
performed in accordance with the guidelines prescribed by the standing com- 
mittee of animals at Harvard Medical School, Boston, Massachusetts. 
Generation of IL-21 receptor-Ig (IL-21R-Ig). The complementary DNA frag- 
ment encoding the extracellular domain (amino acids 20-236) of mouse IL-21R 
(GenBank accession number NM_021887) was amplified by PCR from a mouse 
splenocyte cDNA library. A second cDNA fragment encoding the Fc portion of 
human IgG4 was cloned by PCR from a human cDNA library from peripheral 
blood mononuclear cells. The two cDNA fragments were joined in frame by 
overlapping PCR and subsequently cloned into the mammalian expression vec- 
tor pSecTag/FRT/V5-His-TOPO (Invitrogen). The ligated construct (1.0 ug) 
was co-transfected with pOG44 (10.0 ig; Invitrogen) into the Flp-In CHO cell 
line (Invitrogen), using GeneJammer transfection reagent (Stratagene), in 
accordance with the manufacturer’s instructions. Transfectants were selected 
in 800 ug ml hygromycin B, and maintained in UltraCHO (BioWhittaker). 
IL-21R-Ig was purified from the culture supernatant by passage through a 
Protein G-Sepharose column. Bound protein was eluted with 100mM gly- 
cine-HCl pH3.0 and immediately neutralized with 1.25M Tris-HCl pH 8.8. 
The eluted protein was concentrated with an UltraFree-4 centrifugal device 
(Millipore), and the concentration was determined spectrophotometrically. 
The reagent was tested in vitro for its ability to neutralize the activity of IL-21- 
mediated Ty17 differentiation. 

Preparation of mononuclear cells from the central nervous system. After 
perfusion through the left cardiac ventricle with cold PBS, forebrain and 
cerebellum were dissected and spinal cords were flushed out with PBS by hydro- 
static pressure followed by digestion with collagenase D (2.5mg ml '; Roche 
Diagnostics) and DNase (1 mg ml; Sigma) at 37 °C for 45 min. Mononuclear 
cells were isolated by passing the tissue through a cell strainer (70 um mesh) and 


nature 


Percoll gradient (70%-37%) centrifugation. Mononuclear cells were removed 
from the interphase, washed and resuspended in culture medium for further 
analysis. 

In vitro T-cell proliferation. Draining lymph-node cells or splenocytes were 
cultured in DMEM/10% FCS supplemented with 501M 2-mercaptoethanol, 
1mM_ sodium pyruvate, non-essential amino acids, L-glutamine and 
100 U ml" penicillin/100 jg ml“ ' streptomycin. For antigen-specific recall cul- 
tures, 2.5 X 10° lymph-node cells or 5 X 10° ml~' splenocytes were cultured for 
three days in the presence of MOG35_s55 or OVA323-339. During the last 16 h, cells 
were pulsed with 1uCi of [PH]thymidine (PerkinElmer). [SH] Thymidine 
incorporation in triplicate wells was measured with a f-counter (1450 
MicroBeta Trilux; PerkinElmer). 

Measurement of cytokines. Cell culture supernatants were collected after 48 h 
and the secreted cytokines were determined by ELISA (antibodies for IL-17 from 
BD Biosciences), by cytometric bead array (BD Biosciences) or by fluorescent 
bead assay (Luminex) for the indicated cytokines, in accordance with the man- 
ufacturers’ instructions. For quantitative PCR, RNA was extracted from FACS- 
sorted cells by using RNAeasy columns (Qiagen) after 48 h of stimulation in vitro. 
cDNA was transcribed as recommended (Applied Biosystems) and used as a 
template for quantitative PCR. Primer/probe mixtures for mouse ROR-yt and 
mouse IL-21 were obtained from Applied Biosystems. The Taqman analysis was 
performed on the AB 7500 Fast System (Applied Biosystems). Gene expression 
was normalized to the expression of f-actin. 

Staining with MOG;;_55/IA° tetramers and intracellular cytokine staining. 
MOG35_55/ IA? tetramers were generated as reported''. The procedure for 
staining ex vivo with MOG35_55/ IA? tetramers has been described in detail 
previously”. In brief, single-cell suspensions were incubated at a density of 
10’ cells ml! with the IA? multimers (30 gml~!) in DMEM supplemented 
with 5 uM IL-2 and 2% FCS (pH 8.0) at room temperature for 2.5 h. After being 
washed, cells were stained with 7-AAD (Molecular Probes) and CD4 (RM4-5; 
BD Biosciences). The percentage of tetramer” cells was determined in the CD4* 
gate of live (7-AAD_ ) cells. To control for non-specific binding, IA* control 
tetramers were used”. For intracellular cytokine staining, cells were stimulated 
for 4h in culture medium containing 12-O-tetradecanoylphorbol-13-acetate 
(50ngml~'; Sigma), ionomycin (1pgml~'; Sigma), and monensin 
(GolgiStop, 1 lml~'; BD Biosciences) at 37 °C under 10% COs. After staining 
of surface markers, cells were fixed and permeabilized (Cytofix/Cytoperm and 
Perm/Wash buffer, BD Biosciences) followed by staining with monoclonal anti- 
bodies against mouse IL-17 and IFN-y (BD Biosciences) and fluorocytometric 
analysis (FACSCalibur). 
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Functional diversification of closely related ARF-GEFs 
in protein secretion and recycling 


Sandra Richter’, Niko Geldner't+, Jarmo Schrader’, Hanno Wolters’, York-Dieter Stierhof?, Gabino Rios**t, 


Csaba Koncz’, David G. Robinson* & Gerd Jiirgens' 


Guanine-nucleotide exchange factors on ADP-ribosylation factor 
GTPases (ARF-GEFs) regulate vesicle formation in time and space 
by activating ARF substrates on distinct donor membranes’. 
Mammalian GBF1 (ref. 2) and yeast Geal/2 (ref. 3) ARF-GEFs 
act at Golgi membranes, regulating COPI-coated vesicle forma- 
tion. In contrast, their Arabidopsis thaliana homologue GNOM 
(GN) is required for endosomal recycling, playing an important 
part in development*. This difference indicates an evolutionary 
divergence of trafficking pathways between animals and plants, 
and raised the question of how endoplasmic reticulum—Golgi 
transport is regulated in plants. Here we demonstrate that the 
closest homologue of GNOM in Arabidopsis, GNOM-LIKE1 
(GNL1; NM_123312; At5g39500), performs this ancestral func- 
tion. GNL1 localizes to and acts primarily at Golgi stacks, regulat- 
ing COPI-coated vesicle formation. Surprisingly, GNOM can 
functionally substitute for GNL1, but not vice versa. Our results 
suggest that large ARF-GEFs of the GBF1 class perform a con- 
served role in endoplasmic reticulum—Golgi trafficking and secre- 
tion, which is done by GNL1 and GNOM in Arabidopsis, whereas 
GNOM has evolved to perform an additional plant-specific func- 
tion of recycling from endosomes to the plasma membrane. 
Duplication and diversification of ARF-GEFs in plants contrasts 
with the evolution of entirely new classes of ARF-GEFs° for endo- 
somal trafficking in animals, which illustrates the independent 
evolution of complex endosomal pathways in the two kingdoms. 

Large ARF-GEFs are represented by two subfamilies conserved 
among eukaryotes: the GBF1 clade, including mammalian GBF1, 
yeast Geal/2 and Arabidopsis GNOM; and the BIG clade, including 
mammalian BIGI/2, yeast Sec7 and Arabidopsis BIG1-5 (refs 5, 6) 
(Fig. la). Whereas GBF1 and Geal/2 have been localized to the 
Golgi**’, and a double knockout for Geal/2 is cell-lethal*’, GNOM 
performs a plant-specific endosomal recycling function important 
for development but not essential for cell viability**°. Large ARF- 
GEFs are the molecular targets for brefeldin A (BFA), which causes 
reversible inhibition of vesicle trafficking’. BFA traps sensitive 
ARF-GEFs on the membrane by blocking the guanine-nucleotide 
exchange reaction’’. BFA sensitivity or resistance can be engineered 
by site-directed mutagenesis, without affecting protein function", 
providing a unique tool to selectively inhibit specific ARF-GEFs to 
probe their function in vivo. This approach revealed that GNOM is 
involved in endosomal recycling of PIN1, a polarly localized com- 
ponent of auxin efflux carriers‘. We now extend this approach to 
identify the ARF-GEF responsible for endoplasmic reticulum 
(ER)-Golgi trafficking. BFA was shown to cause the release of 
COPI coats from membranes in mammalian cells'*. In 
Arabidopsis, however, BFA treatment has no effect on Golgi structure 
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Figure 1 | Identification of the GNL1 compartment. a, Unrooted 
phylogenetic tree of large ARF-GEFs from Arabidopsis (At), human (Hs) and 
yeast (Sc). b, Immunogold localization of GNLI-YFP on an ultrathin 
cryosection. G, Golgi; T, TGN; V, vacuole. Scale bar, 500 nm. 

c—n, Immunofluorescence localization of GNL1 and endomembrane 
markers. Scale bars, 4 tum. c—e, GNLI-YFP partially colocalizes with Golgi 
marker yCOP. No colocalization was observed for GNL1—Myc and TGN 
marker VHA-al—GFP (f-h), GNLI-YFP and endocytic tracer FM4-64 (i-k) or 
GNL1-Myc and prevacuolar compartment marker ARA7-GFP (I-n). 
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or membrane association of the COPI subunit yCOP*”, suggesting 
that a BFA-resistant ARF-GEF mediates this process. Evident candi- 
dates are the two closest homologues of GNOM. We decided to focus 
on ubiquitously expressed GNOM-LIKE1 (GNL1) because GNL2 
seems to be pollen-specific’? (Supplementary Fig. 2). 

To identify the endomembrane compartment at which GNLI acts, 
we generated plants expressing functional GNL1—Myc or GNL1I-YFP 
(yellow fluorescent protein). GNL1 was localized relative to compart- 
ment-specific markers (Fig. 1; Supplementary Table 1). GNL1 par- 
tially co-localized with the Golgi marker yCOP"* but did not, or only 
marginally so, with the trans-Golgi network (TGN) marker VHA-al- 
GFP’, which was consistent with the immunogold-localization of 
GNLI (Fig. 1b—h; Supplementary Fig. 3f). In contrast, GNL1 did not 
co-localize with ARA7—GFP labelling endosomes/pre-vacuolar com- 
partments'*”’ nor the endocytic tracer FM4-64 (ref. 4) (Fig. li-n). 
These results suggest a role for GNL1 in Golgi-related trafficking. 

BFA treatment of Arabidopsis seedlings causes aggregation of 
endosomal membrane vesicles (so-called BFA compartments), to 
which GNOM has been localized*"*. Predominantly at the periphery 
of BFA compartments, GNLI partially co-localized with the Golgi 
markers yCOP and N-ST-YFP”’, and also overlapped with VHA-al-— 
GFP and FM4-64 (Fig. 2a—d; Supplementary Fig. 4). To conditionally 
inactivate GNL1 by BFA treatment, we introduced an engineered 
BFA-sensitive GNL1 into a gnl1 knockout background. This switch 
to BFA-sensitivity of GNL1 caused a dramatic change in BFA effects. 
We now observed a release of yCOP into the cytosol and a block in 
ER-Golgi traffic, as highlighted by the accumulation of the Golgi 
marker N-ST-YFP in the ER as well as the fusion of Golgi stacks with 
the ER (Figs 2g, h and 3c, d; Supplementary Fig. 3). Consistently, 
BFA-sensitive GNL1 localized to the ER but also co-localized with 
FM4-64 in BFA compartments (Fig. 2f Supplementary Fig. 5; see 
Supplementary Fig. 3g and h for immunogold localization of 
GNLI-YFP). This indicates that GNLI activity is required for the 
integrity of Golgi stacks and for COPI-coated vesicle formation. To 
analyse whether GNL1 might also have another role in trafficking, 
we studied the membrane association of another major vesicle coat 
protein, clathrin (Supplementary Fig. 6). In contrast to yCOP, how- 
ever, clathrin was not released into the cytosol by BFA treatment of 
BFA-sensitive GNL1, which is consistent with the localization of 
GNLI and clathrin to adjacent but distinct compartments (Supple- 
mentary Fig. 6a—c, g-i). As a consequence of blocking anterograde 
traffic of newly synthesized proteins from the ER to the Golgi, the 
TGN marker VHA-al—GFP also accumulated at the ER (Fig. 2i). 
Thus, GNL] is a major regulator of ER—-Golgi trafficking and protein 
secretion. 

IfGNL1 has such an important role in membrane traffic one would 
expect inactivation of the GNL1 gene to be lethal. We identified a 
T-DNA insertion knockout line for GNL1 (Supplementary Fig. 7a). 
Surprisingly, the gnll mutant plants were viable and fertile— 
although short and bushy—and pollen competitiveness was reduced 
to 76% (Fig. 31). Another strong allele, gnl1-2, isolated as a secretion 
mutant, showed a very similar phenotype (ref. 21; our unpublished 


Figure 2 | Localization of BFA-resistant and BFA-sensitive GNL1 after BFA 
treatment. BFA-resistant (a—d) or BFA-sensitive (f-i) GNL1 in gnl1 mutant 
background localized relative to compartment markers after BFA-treatment. 
a, f , Endocytic tracer FM4-64 (red) in BFA compartments colocalizes 
partially with GNL1-YFP and is surrounded by GNL1-—YFP aggregates 

(a), whereas BFA-sensitive GNL1-YFP localizes to ER (arrow) and 
colocalizes with FM4-64 in small BFA compartments (f, asterisk). b, g, Golgi 
marker yCOP (red) partially overlaps with GNL1—YFP (b) but is released 
into the cytosol when GNL1-YFP is BFA-sensitive (g). ¢, h, Golgi marker 
N-ST-YFP (green) colocalizes partially with GNL1—Myc (c) but relocates to 
the ER when GNL1-Myc is BFA-sensitive (h). d, i, TGN marker VHA- 
al—GFP (green) accumulates in BFA compartments (d) but is trapped in the 
ER when GNL1-Myc is BFA-sensitive (i). e, j, Golgi localization of yCOP 
(e, red) and N-ST-YFP (j, green) restored by BFA-resistant GN in BFA- 
sensitive GNLI, gnl1 mutant background. All scale bars, 4 jum. 
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observations). These results indicate that GNL1 is not essential. 
Consistently, gnl1 mutant cells displayed slightly abnormal Golgi 
stacks with cisternae laterally expanded by approximately 35% 
(Fig. 3a, b; Supplementary Fig. 3i). However, BFA treatment of 
gnll mutant cells caused fusion of the Golgi with the ER, suggesting 
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that another, BFA-sensitive ARF-GEF is also involved in ER-Golgi 
trafficking (Fig. 3c, d; Supplementary Fig. 3e). One candidate would 
be GNOM, although GNOM is involved in endosomal recycling*. In 
addition, gnom mutant embryo cells did not display major Golgi 
abnormalities (Supplementary Fig. 3c) and GNOM did not co- 
localize with GNL1 (Fig. 3e). However, when both ARF-GEFs were 


GNL1-Myc BFA sens. 


GN-GFP GN-GFP BFA-sens. 
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rendered either BFA-resistant or BFA-sensitive they co-localized par- 
tially or completely, respectively, after BFA treatment (Fig. 3f, g). In 
addition, the BFA-resistant form of both ARF-GEFs also co-localized 
partially with yCOP, suggesting the additional presence of GNOM 
protein at Golgi stacks (Figs 3h and 2b). To determine whether 
GNOM can substitute for GNL1 function, we analysed the local- 
ization of yCOP and N-ST-YFP in BFA-treated BFA-sensitive 
GNL1, gn/l mutant plants expressing engineered BFA-resistant 
GNOM (Fig. 2e, j). Surprisingly, the wild-type localization of the 
two markers was restored, although the BFA sensitivity of the two 
ARE-GEFs was reversed, indicating that BFA-resistant GNOM could 
compensate for the inactivation of BFA-sensitive GNL1 (Fig. 2e, j, 
compare with Fig. 2b, g and 2c, h, respectively). Thus, although 
GNOM might play only a minor part in ER-Golgi trafficking, it 
can take over the Golgi function of GNLI. 

We also tested whether GNL1 can replace GNOM in the PIN1 
endosomal recycling required for polar localization of PIN1 at the 
plasma membrane‘ (Fig. 4a—d). Polar targeting of PIN] to the plasma 
membrane was only observed in BFA-treated seedlings when GNOM 
was BFA-resistant, regardless of BFA resistance or sensitivity of GNL1 
(Fig. 4b, d). Thus, GNL1 has no obvious role in endosomal recycling. 
Interestingly, the BFA compartments were very small when both 
GNL1 and GNOM were BFA-sensitive, but attained their normal size 
when one or the other ARF-GEF was BFA-resistant. This suggests 
that BFA compartments are formed from both GNL1-dependent 
secretory and endocytic membrane material, although we cannot rule 
out a minor contribution of GNLI to PIN] recycling (compare Fig. 4c 
with 4a, d). 

The capacity of GNOM to replace GNLI cellular function could 
account for the observed, weak gnl1 mutant phenotypes (Fig. 3i). 
Indeed, gull gnom double mutants lacking both ARF-GEF activities 
were gametophytic lethal (Supplementary Table 2). This indicates 
that both ARF-GEFs are functionally redundant and that their 
double knockout affects some fundamental cellular function that 
leads to lethality even before fertilisation. Interestingly, other allele 
combinations with reduced ARF-GEF activity were also lethal, sug- 
gesting that the combined level of activity is critical (Supplementary 
Table 2). To determine their requirements in diploid somatic cells, 
both GNL1 and GNOM were simultaneously downregulated by RNA 
interference (RNAi) expression (Supplementary Fig. 7b, c). The 
RNAi(GNLI, GN) expressing seedlings eventually died after 10-12 
days of growth (Fig. 3j). Their ultrastructural analysis revealed 
abnormalities of the Golgi stacks, supporting our notion that ER— 
Golgi trafficking requires ARF-GEF function provided by both GNL1 
and GNOM (Supplementary Fig. 3b). 

To examine whether there are additional non-overlapping func- 
tions of GNL1 and GNOM, we performed promoter swaps and ana- 
lysed the chimaeric genes for their ability to replace the two mutated 
genes. Surprisingly, GNL1-GNOM was able to rescue both gnom and 
gnll mutants, whereas GNOM-GNLI only rescued gnl1 but not gnom 
mutants (Fig. 4e; Supplementary Fig. 8a—c). Thus, GNOM and GNL1 


Figure 3 | Phenotype of gn/7 mutants and relationship of GNL1 to GN. 
a-d, Golgi morphology of gn/1 mutant (a, ¢) in comparison to wild-type 
(b, d) after BFA treatment (c, d). a, b, Golgi of gn/1 mutant (a) laterally 
expanded compared to wild-type in untreated controls. ¢, d, After 50 UM 
BFA for 1h, Golgi fuses with ER (arrowhead) in gnl1 mutant (c), whereas 
Golgi morphology is retained in wild type (d). B, BFA compartment; G, 
Golgi; T, TGN; V, vacuole. Scale bar for a—d, 500 nm. e—g, Subcellular 
localization of GNL1 and GN. e, No colocalization of GNL1—Myc (red) with 
GN-GFP (green) in untreated cells. Nearly complete colocalization of BFA- 
sensitive versions in gnl1 mutant (f) and partial colocalization of BFA- 
resistant versions (g) after BFA treatment. h, Partial colocalization of BFA- 
resistant GN with Golgi marker yCOP. Scale bars for e-h, 4 um. 

i, j, Phenotype of gnl1 mutant plants and RNAi(GNL1, GN) seedlings. i, gnl1 
mutant plant (gnl1; left), wild type (WT; right). Scale bar, 2 cm. j, Seedling 
phenotypes of RPS5A-RNAi(GNL1, GN) (right) compared with wild type 
(left), 6 days after germination. Inset, gn mutant. Scale bar, 2mm. 
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share one common, essential function in ER-Golgi trafficking, 
whereas only GNOM has another, unique essential function in endo- 
somal recycling. 

We then used BFA to determine the relative contributions of 
GNL1 and GNOM in different BFA-sensitive developmental pro- 
cesses such as seed germination, primary root growth, lateral root 
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Figure 4 | Functional relationship between GN and GNL1. a—d, PIN1 
localization after BFA treatment. a, GN BFA-sensitive, GNL1 BFA-resistant 
(wild type): PIN] is localized in BFA compartments and symmetrically at the 
plasma membrane. b, d, Polar localization of PIN1 at the plasma membrane 
and variable accumulation of PIN1 in BFA compartments when only GN 
(b) or both GN and GNL1I (d) are BFA-resistant. ¢, GN and GNL1 BFA- 
sensitive in gull mutant background: PIN] is localized in very small BFA 
compartments (arrowheads) and symmetrically at the plasma membrane 
(similar to wild type, Fig. 4a). Scale bars for a—d, 4 |um. e, Promotor swaps 
between GN and GNL1 suggest asymmetric functional redundancy. 

f, g, Seedlings expressing different combinations of BFA-resistant (res.) 
versus BFA-sensitive (sens.) GNL1 and GNOM (GN) in gull mutant 
background (except for wild-type) were treated with BFA. f, Left panel, 
additive effects of GNL1 and GN in primary root growth. Right panel, lateral 
root formation is mainly dependent on GN but not on GNLI. Error bars 
indicate standard deviation; n = 46 (GN BFA-res., GNL1 BFA-res.), 46 (GN 
BFA-res., GNL1 BFA-sens.), 22 (GN BFA-sens., GNL1 BFA-res., which 
corresponds to wild type), 25 (GN BFA-sens., GNL1 BFA-sens.). g, Root 
gravitropism is a GN-dependent process (upper panel, control; lower panel, 
BFA treatment). 


initiation and root gravitropism. The two ARF-GEFs acted inter- 
changeably in seed germination (Supplementary Fig. 9). Un- 
expectedly, expression of either BFA-resistant ARF-GEF, GNL1 or 
GNOM, was sufficient to sustain root growth at half the rate of roots 
expressing both BFA-resistant ARF-GEFs, indicating that primary 
root growth requires both GNL1 and GNOM function (Fig. 4f, left). 
In contrast, both lateral root initiation and root gravitropism were 
dependent on BFA-resistant GNOM, whereas BFA sensitivity or res- 
istance of GNL1 had no effect of its own (Fig. 4f, right; 4g). This 
requirement for GNOM-specific ARF-GEF function is related to its 
role in endosomal recycling of PIN1 (ref. 4, 22). 

Our results offer a surprising explanation for why ARF-GEFs of the 
GBF1 clade act in different trafficking pathways in plants than in 
mammals or yeast. There are two closely related ARF-GEFs, GNL1 
and GNOM, that share the ancestral Golgi-associated function of 
GBF 1-type ARF-GEFs in Arabidopsis and probably in other flowering 
plants as well (Supplementary Fig. 1). This was not noticed before 
because, unlike in mammals, there was no BFA effect on the 
localization of yCOP in wild-type Arabidopsis, although GNOM is 
BFA-sensitive*’*. In contrast, a rapid effect of BFA on the Golgi 
morphology and the localization of yCOP was described for tobacco 
BY-2 cells”, suggesting that the tobacco GNL1 orthologue is BFA- 
sensitive. Indeed, we found a BFA-sensitive signature for the rice 
putative orthologue of GNL1 (Supplementary Fig. 10). Our data 
imply that the Golgi-localized ARF-GEF function is ancestral and 
conserved among eukaryotes, although the plant lineage has appar- 
ently undergone gene duplication such that two closely related ARF- 
GEFs perform the GBF1-equivalent function. GNOM acquired an 
additional specific function in endosomal recycling of plasma mem- 
brane proteins that is not shared by GNLI. Unlike plants, animals 
have evolved new classes of small or medium-sized ARF-GEFs named 
cytohesin, EFA and BRAG, which are involved in endosomal traf- 
ficking°. In addition, a member of the BIG class of large ARF-GEFs 
named BIG2 acts not only at the TGN, like its close relative BIG1, but 
also at recycling endosomes”. Thus, the elaboration of post-Golgi 
trafficking seems to have evolved independently in the two major 
multicellular lineages, whereas the regulation by ARF-GEF of ER— 
Golgi traffic was already in place in unicellular eukaryotes. 


METHODS SUMMARY 

Molecular biology. For expression of tagged GNL1, a complementing genomic 
fragment was transformed into gnl1 mutants, and BFA sensitivity was engineered 
by replacing methionine with leucine in the SEC7 domain. For RNAi(GN, 
GNLI) analysis, fragments of GNL1 and GN coding sequence in tandem in sense 
and antisense direction were introduced into a two-component vector for 
expression by RPS5A-GAL4 activator”. Transcript levels were analysed by RT— 
PCR. Promoter swaps involved 2-kb promoter fragments and were introduced 
into gnll and emb30-1 (ref. 8) heterozygous plants. 
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Expression analysis. Protein blots**, immunofluorescence localization***”’, 


FM4-64 staining’, BFA treatment’, immunolocalization on cryosections”, elec- 
tron microscopy~* and physiological tests* were performed as described. 
Bioinformatics. An unrooted phylogenetic tree of SEC7 domains from different 
ARF-GEFs was derived from sequence alignment using ClustalW (www.ebi.ac. 
uk/clustalw). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Plant material and growth conditions. Arabidopsis wild-type (ecotype Col-0) 
and mutant lines carrying gnom alleles R5 (ref. 22) or emb30-1 (ref. 8) have been 
described. Plant growth conditions were as described’. Seedlings (Col-0 eco- 
type) were grown from surface-sterilized seeds on vertical agar plates at 24 °C for 
5 days under long day conditions”. 

gnl1 mutant. The gnl1-1 T-DNA insertion line (ecotype Col-0) was isolated as 
described’. The T-DNA insertion is located in the first exon at 102 base pairs 
downstream of the ATG and confers hygromycin resistance. The plants were 
selected on plates containing 15 pg ml ' hygromycin (Gibco). The genotype was 
characterized by two PCRs: one to detect the T-DNA insertion (sense primer, 5'- 
GATTGAGCCAAGAAGTTGGGGCGAG-3’; antisense primer, 5'-CTGGGAA- 
TGGCGAAATCAAGGCAT-3’), another to amplify the wild-type gene sequence 
spanning the T-DNA insertion site (sense primer, 5’-ACCAAAAGGGTA- 
GAGTTGAAAAGGG-3’; antisense primer: 5’-TACATTTCTCCTCATCACA- 
GCCAAA-3’). 

Generating transgenic plants. An 8.8-kb genomic GNL1 fragment containing 
2-kb of 5’ UTR and 1-kb of 3’ UTR from BAC clone MUL8 complemented the 
gnll mutant phenotype. Primer-extension PCR was used to insert 3 X Myc or 
YFP tag at the C-terminus as well as to introduce the leucine 696 (TTG) to 
methionine 696 (ATG) mutation in the SEC7 domain. All constructs were 
transformed into gnl1/GNL1 heterozygous plants, and at least five gn/1 mutant 
lines each were established for BFA-resistant and BFA-sensitive GNL1 transgenes 
and shown to complement the bushy plant phenotype of gn/1 mutants. 

For RNAi(GN, GNL1) analysis, 172 bp of GNL1 and 162 bp of GNOM coding 
sequence were cloned in tandem in sense and antisense orientation, introduced 
into the UAS vector of the GAL4>UAS two-component expression system and 
transformed into Col-0 plants. T, plants were crossed with RPSSA-GAL4 
plants”, and the F, seedling progeny with abnormal phenotypes were analysed. 

A 2-kb promotor fragment of GNL1 and a 2.1-kb promoter fragment of GN 
were fused to genomic fragments for promoter swapping. These constructs were 
introduced into gnl1/GNL1 as well as emb30-1/GN heterozygous plants*. 

All T; plants were selected by spraying seedlings on soil with BASTA (1:1,000; 
AgrEvo) or by adding kanamycin (50 1g ml 1; Sigma) to plates. 
Immunofluorescence localization. Five-day-old seedlings were incubated in 
1 ml of liquid growth medium (0.5 MS medium, 1% sucrose, pH 5.8) contain- 
ing 50 uM BFA (Invitrogen, Molecular Probes) for 1h (or, 100 4M for 2h in 
double labelling for GN and GNL1) at room temperature in 24-well cell-culture 
plates. Incubation was stopped by fixation with 4% paraformaldehyde in MTSB. 
Immunofluorescence staining was performed as described”* or with an InsituPro 
machine (Intavis)”’. 

Antibodies used were: mouse anti-c-Myc mAb 9E10 (Santa Cruz 
Biotechnologies) diluted 1:600; mouse anti-GFP (Roche) 1:600; rabbit anti- 
GFP (Invitrogen, Molecular Probes) 1:600; rabbit anti-PIN1 (ref. 30) 1:1,000; 
rabbit anti-AtyCOP (ref. 16) 1:1,000; and anti-clathrin*' 1:500. FITC or Cy3- 
conjugated secondary antibodies (Dianova) were diluted 1:600. 


nature 


Epitope-tagged or GFP-fusion markers were transformed or crossed into 
tagged GNLI lines: RPS5A-GFP-ARA7 (ref. 18) (GFP—ARA7; cloned into 
pGrlIK RPS5a-tNOS; ref. 25), VHA-al-GFP'’, N-ST-YFP”, GN-3 X Myc* 
(BFA-sensitive and resistant) and BFA-sensitive GN—GFP’*. 

Fluorescence signals of GFP- or YFP-tagged proteins were enhanced by stain- 
ing with anti-GFP antibody in fixed cells. Live cell imaging was performed with 
2 uM FM4-64 (Invitrogen, Molecular Probes). 

Acquisition and processing of fluorescence images. Fluorescence images were 
acquired at 512 X 512 pixels with the confocal laser scanning microscope TCS- 
SP2 from Leica, using the X 63 water-immersion objective and Leica software. All 
images were processed with Adobe Photoshop CS2 only for adjustment of con- 
trast and brightness. 

Immunolocalization on cryosections, and electron microscopy. Ultrastruc- 
tural analysis of high-pressure frozen, freeze-substituted and resin-embedded 
root tips and embryos, and immunogold labeling using silver-enhanced 
Nanogold (Nanoprobes, USA) of ultrathin cryosections were carried out as 
described’’. 

Physiological tests. To investigate primary root growth and lateral root forma- 
tion, 5-day-old seedlings were transferred to plates with 20 UM BFA and analysed 
after 7 additional days. 

For measurement of gravitropic responses, 4-day-old seedlings were trans- 
ferred to plates containing 101M BFA. After 1 day, the plates were turned by 
135°. Pictures were taken 12h later and deviation from the gravity vector was 
measured. 

For the germination assay, surface-sterilized seeds were plated on agar plates 
(X0.5 MS medium, 1% sucrose, pH 5.8) containing 20 uM BFA. After two days 
of stratification, the plates were incubated at 23 °C for 4 days before seed ger- 
mination rates were determined. 

Analysis of transcript levels in gnl1 mutants and RNAi(GN, GNLI) lines. RNA 
isolation was performed using Plant RNAeasy Kit from Qiagen. RT-PCR was 
done with Revert Aid H Minus First Strand cDNA Synthesis Kit (Fermentas). 
PCR on gnll cDNA from plants was performed with sense primer 5'- 
CTGGGAATGGCGAAATCAAGGCAT-3’ and antisense primer 5'-CTTTTT- 
TCTCCAGAATTCGG-3’. PCR on cDNA from RNAi seedlings was done with 
sense primer 5'-GTGCAGTTTTGGCTGTGATG-3’ and antisense primer 5'- 
CTTTTTTCTCCAGAATTCGG-3’ to investigate GNL1 transcript level. For 
GN, sense primer 5'-TACACTTGTCAACAGAGCTGGTAGC-3’ and antisense 
primer 5’-TCTGTCATTATATGCAAATCATATGGAGAAGCCG-3’ were used. 
Western blot analysis. Five-day-old seedlings were used for protein extraction”’. 
Protein extracts were loaded onto a 12% polyacrylamide gel and transferred onto 
a PVDF membrane. Rabbit anti-GNOM(SEC7) antiserum diluted 1:2,000 and 
anti-rabbit horseradish peroxidase (POD)-conjugated secondary antibody 
(Roche) 1: 5,000 were used to detect endogenous GNOM protein. Detection 
was performed with BM chemiluminescence blotting substrate (Roche). 

Phylogenetic tree. SEC7 domain sequences of ARF-GEFs from different 
species, corresponding to the GN SEC7 domain, were aligned by ClustalW 
(www.ebi.ac.uk/clustalw) and the phylogenetic tree was drawn with TreeViewer. 
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An ARF-GEF acting at the Golgi and in selective 
endocytosis in polarized plant cells 


Ooi-kock Teh’ & lan Moore! 


Circumstantial evidence suggests that intracellular membrane 
trafficking pathways diversified independently in the plant 
kingdom**, but documented examples are rare*'’”. ARF-GEFs 
(guanine-nucleotide exchange factors for ADP-ribosylation factor 
GTPases) are essential for vesicular trafficking in all eukaryotic 
kingdoms, but of the eight ARF-GEF families, only the ancestral 
BIG and GBF types are found in plants’*. Whereas fungal and 
animal GBF proteins perform conserved functions at the Golgi, 
the Arabidopsis thaliana GBF protein GNOM is thought to act in 
only the process of recycling from endosomes**. We now show 
that the related Arabidopsis GBF protein GNOM-LIKE1 (GNL1) 
has an ancestral function at the Golgi but is also required for 
selective internalization from the plasma membrane in the pres- 
ence of brefeldin A (BFA). We identified gnlJ mutants that accu- 
mulated biosynthetic and recycling endoplasmic reticulum 
markers in enlarged internal compartments. Notably, in the 
absence of functional GNL1, Golgi stacks were rendered sensitive 
to the selective ARF-GEF inhibitor BFA, which caused them to fuse 
with the endoplasmic reticulum. Furthermore, in BFA-treated 
gnll roots, the internalization of a polar plasma-membrane mar- 
ker, the auxin efflux carrier PIN2, was selectively inhibited. Thus, 
GNL1I is a BFA-resistant GBF protein that functions with a BFA- 
sensitive ARF-GEF both at the Golgi and in selective endocytosis, 
but not in recycling from endosomes. We propose that the evolu- 
tion of endocytic trafficking in plants was accompanied by neo- 
functionalization within the GBF family, whereas in other 
kingdoms it occurred independently by elaboration of additional 
ARE-GEF families. 

Plant membrane trafficking exhibits several unusual features with 
respect to vacuole and Golgi organization, endocytic cycling, cell 
polarity and cytokinesis®’. Because gene families that are essential 
for membrane identity and vesicular traffic have diversified indepen- 
dently in the plant kingdom?*’, it has been suggested that trafficking 
pathways have been elaborated independently in plant cells**"'°. Few 
examples have been provided, however, and plant trafficking pro- 
cesses remain poorly described in molecular terms. 

To further our understanding of plant-specific trafficking pro- 
cesses, we isolated Arabidopsis mutants defective in biosynthetic 
membrane traffic to the plasma membrane by screening mutagenized 
seedlings for intracellular accumulation of a secreted green fluor- 
escent protein (secGFP)'*'*. Mutant 44 and mutant 54 carried allelic 
mutations that caused the accumulation of secGFP in spheroid 
bodies, the diameters and heterogeneity of which increased (from 
diameter 0.5 [im to 3 tm) with the age of root epidermal cells (Fig. 1a, 
b, and Supplementary Fig. 2). Mutant 44 exhibited more pronounced 
secGFP accumulation and various developmental abnormalities that 
were absent in mutant 54 (Fig. 1c, and Supplementary Figs 3 and 4). 
In wild-type roots, secGFP existed predominantly in its truncated 
apoplastic form’’, whereas in mutant 44 its full-length intracellular 


form accumulated (Fig. 1d, e, arrowhead). Positional cloning and 
sequencing identified stop codons in the GNLI locus (At5g39500) in 
mutant 44 and mutant 54, which were named gnll-2 and gnll-3, 
respectively (Fig. 1f and Supplementary Fig. 5). A T-DNA allele 
(gnl1-1) showed allelism to and similar developmental phenotypes 
as gnl1-2, which could be complemented by a GNL1-YFP (yellow 
fluorescent protein) fusion (Supplementary Fig. 5). gnl1-1 also accu- 
mulated secGFP in the spheroid bodies, which were termed gull- 
bodies. Thus, the trafficking defects exhibited by all three mutants 
were attributed to loss of GNL1 function. 

GNLI is a putative ARF-GEF: these are nucleotide exchange fac- 
tors for ARF GTPases, which have diverse functions in vesicle coat 
formation and vesicle—cytoskeleton interactions'*'®. In animals and 
fungi there are eight ARF-GEF families, but only the apparently 
ancestral GBF and BIG families are known in plants'*. GNL1 is 
one of three GBF proteins encoded by the Arabidopsis genome and 
is the closest relative of GNOM, the only Arabidopsis ARF-GEF char- 
acterized so far (Supplementary Fig. 1). Whereas mammalian and 
yeast GBF1-family ARF-GEFs function at the cis-Golgi, GNOM is 
essential for recycling from endosomes to the plasma membrane**” 
but is not thought to act in the secretory pathway’’. In contrast, 
the intracellular accumulation of secGFP in gnl1 mutants suggested 
that this close relative of GNOM does function on a biosynthetic 
trafficking pathway. Consistent with this, the fluorescent dye FM4- 
64—which labels a variety of endosomal and vacuolar compart- 
ments”'”'*'*__was excluded from gnll-bodies, even after treatment 
with brefeldin A (BFA), which causes the aggregation of endosomal 
and trans-Golgi compartments’*'®’” (Fig. 1g). Furthermore, gnl1- 
bodies co-accumulated fluorescent protein markers'*'*”” of secretory 
and vacuolar traffic (Fig. 1h, i, and Supplementary Fig. 6) as well as a 
lumenal endoplasmic reticulum (ER) marker that recycles from the 
Golgi by virtue of an ER retrieval signal (Supplementary Fig. 6; all 
markers used in this study are described in Methods). Therefore gul1 
mutants seemed to be defective in biosynthetic traffic at a point 
before the divergence of secretory and vacuolar pathways at the 
trans-Golgi. 

The Golgi membrane marker ST—REFP (sialyltransferase—red fluor- 
escent protein) was excluded from the gul1-bodies (Fig. 1j). Although 
Golgi stacks maintained their characteristic flattened-ring morpho- 
logy, their apparent diameter in confocal microscopy was increased 
by 50% in gnll, from 1.2 + 0.07 um to 1.8 £ 0.25 um (n = 275 and 
287, respectively) (Supplementary Fig. 7). GNL1 therefore has a role 
in maintaining Golgi organization. Consistent with this, YFP-tagged 
GNLI (a gift of S. Richter and G. Jiirgens) colocalized with a Golgi 
marker (Supplementary Fig. 8a—i). However, the subtlety of the Golgi 
defect in gnll and the viability of gnl1-1 and gnl1-2 plants suggested 
either that GNL1 acts in a non-essential process or that its function 
overlaps with another ARF-GEF. To distinguish these possibilities we 
used the selective ARF-GEF inhibitor brefeldin A (BFA). Sensitivity 
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of ARF-GEFs to BFA is determined by the identity of five residues in 
the Sec7 domain'”. Of the three Arabidopsis GBF-family ARF-GEFs, 
only GNLI is predicted to be BFA-resistant’’*. Therefore if GNL1 


Mutat. 54 
(gnlt;3) 


secGFP 


Mutant 44 < 
(gn/1-2) 


(mutant 44) 
A39 Q581Stop W1237Stop 


Ouks Oa 


(mutant 54) 


aleu-GFP. 


| secRFP 


Figure 1| Phenotypes of gn/17 plants. a, b, secGFP fluorescence in mature 
root epidermal cells of wild type (a) and mutant 44 (b) imaged under 
identical conditions; scale bars, 20 um. ¢, Growth phenotypes of mutants 44 
and 54, secGFP reporter line (S76) and untransformed control (Col). 

d, e, Anti-GFP immunoblot (d) and coomassie stained gel (e) of 
untransformed plants (lane 1), secGFP(S76) (lane 2) and mutant 44 (lane 3). 
f, Schematic diagram of GNL1 showing the conserved domain structure’ and 
location of mutations in gl] alleles; the signature for ARF-GEFs is the 
catalytic Sec7 domain. DCB, dimerization/cyclophilin binding; HUS, 
homology upstream of Sec7; HDS, homology downstream of Sec7. g, Root 
epidermis of gnl1-2 expressing secGFP (green) incubated with FM4-64 (red) 
and treated with 100 uM of BFA for 90 min; scale bar, 10 ttm. h, i, Vacuolar 
marker aleu-GFP’*"” (green) and the secreted marker secRFP'*"* (red) in 
roots of the indicated genotypes; scale bar, 5 |1m; accumulation of apoplastic 
secRFP (arrowheads) and vacuolar aleu-GFP is reduced in gnl1-2; arrows, 
gnll1-bodies. j, Golgi marker ST-RFP (red) and secGFP (green) in mature 
root epidermal cells of gnl1-2; scale bar, 2 um. 
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shares a function with either of the other two GBF-family ARF-GEFs, 
this function should be rendered BFA-sensitive in gnl1 mutants. 
Consistent with this prediction, growth of gnl1 seedlings or of gull 
seedlings complemented with a BFA-sensitive GNL1 mutant was 
severely inhibited by BFA concentrations that did not affect wild- 
type plants (Fig. 2a, b, and Supplementary Fig. 9). Therefore GNL1 is 
BFA-resistant in vivo and acts redundantly with a BFA-sensitive ARF- 
GEF in a function essential for growth. 

In BFA-treated Arabidopsis roots, Golgi stacks do not fuse with 
the ER as they do in several other species'””®*> but remain apparently 
intact and functional”, often clustering around the drug-induced 
BFA-bodies. These are derived from endosomal membranes and 
accumulate endocytosed markers, but apparently exclude biosyn- 
thetic cargo’**?** (Fig. 1g). To determine whether GNL1 is the 
BFA-resistant ARF-GEF responsible for maintaining Arabidopsis 
root Golgi organization in the presence of BFA, we examined the 
localization of two integral Golgi membrane markers and two 
peripherally associated Rab GTPase markers. Strikingly, although 
the Golgi remained intact in BFA-treated wild-type plants, in gull 
mutants the integral Golgi markers were rapidly transferred to the 
ER and the peripheral markers redistributed to the cytoplasm (Fig. 
2c-j, and Supplementary Fig. 10a—l). Furthermore, the ER-resident 
glycoprotein calreticulin accumulated in an endoglycosidase-H- 
resistant form, indicating processing by Golgi-resident enzymes 
(Fig 2k, and Supplementary Fig. 10m, n). We conclude that BFA 
treatment of gnl1 induces fusion of ER and Golgi membranes, indi- 
cating that GNL1 acting together with one or more BFA-sensitive 
ARF-GEFs performs an essential function in maintaining Golgi 
integrity. Moreover, GNL1 activity can explain the BFA-resistance 
of Arabidopsis root Golgi. These observations also show that GBF 
proteins can be naturally BFA resistant and imply that the effect of 
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Figure 2 | Golgi stacks in gn/1 are hypersensitive to BFA. a, b, gnl1 and 
GNLI seedlings grown with 2.5 uM BFA or solvent (DMSO). ¢c-j, Integral 
Golgi membrane marker ST—RFP (c-f) and peripheral Rab GTPase marker 
YFP-AtRAB-E14 (green) and FM4-64 (red) (g-j) in mature root cells of the 
indicated genotypes after treatment for 1 h with 25 uM BFA (BFA) or solvent 
only (DMSO); scale bar, 5 tum. k, Immunoblot of the reticuloplasmins 
calreticulin (CRT) and BiP in wild-type and gnl1-2 root tissue treated with 
BFA (+) or solvent (—) before protein extraction, and treated with (+) or 
without (—) endoglycosidase-H (Endo-H); endo-H resistant forms of 
calreticulin accumulate in BFA-treated roots of gnl1-2. 
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BFA in other plant species will depend on the presence or absence of 
largely neutral amino acid substitutions in their GBF proteins. For 
example, the three GBF proteins of rice are all predicted to be BFA 
sensitive’®. 

In BFA-treated Arabidopsis root tips, endocytosed proteins accu- 
mulate in BFA-bodies because recycling from endosomes to the 
plasma membrane is inhibited but traffic from the plasma membrane 
to endosomes is not (Supplementary Fig. 1)”'*’®. Traffic to the endo- 
somes is therefore either independent of ARF-GEF activity or uses 
BFA-resistant ARF-GEFs such as GNL]I (refs 12, 25, 26). To establish 
whether GNL1 normally contributes to BFA-insensitive endocytosis 
we asked whether plasma membrane markers were trafficked to BFA- 
bodies in gnl1 mutants. 

The plasma-membrane marker PMA4—GFP and the lipophilic 
endocytic dye FM4-64 accumulated in the BFA-bodies of BFA- 
treated wild-type and gnl1-2 roots with similar efficiency (Fig. 3a, 
b), indicating that endocytosis can occur in the absence of GNL1 
function. In epidermal and cortical cells, the auxin efflux carrier 
PIN2 adopts distinct polar distributions that are determined by lar- 
gely unknown trafficking mechanisms”. Strikingly, PIN2 exhib- 
ited substantially reduced accumulation in BFA-compartments of 
gnll-1 and gnll-2 (Fig. 3c-i, and Supplementary Fig. 11) and in 
gnll complemented with BFA-sensitive GNL1 (data not shown), 
even though BFA-bodies were clearly detectable in these cell types 
using other markers (Fig. 3b). Thus trafficking of PIN2 from the 
plasma membrane to endosomes is selectively promoted by GNLI, 
which is the only BFA-resistant ARF-GEF that acts in this step. We 
also investigated the internalization of PIN1 in the stele. In BFA- 
treated wild-type roots, PIN1 was almost completely internalized 
into BFA compartments after 1h. This was greatly reduced in 
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Figure 3 | GNL1 is required for PIN2 accumulation in BFA bodies. 

a, b, PMA4—GFP (green) and FM4-64 (red) in GNL1 (a) and gnl1-2 (b) roots 
treated with 25 tM of BFA for 1h; scale bar, 5 um. e—h, Immunolocalization 
of PIN2 in root epidermis and cortex; GNL1 (¢, d) and gnl1-2 (e, f) treated 
with DMSO (c-e) or 25 1M of BFA (d-f) for 1 h; scale bar, 20 jim. g, h, Higher 
magnification of (d) and (f), respectively; scale bar, 5 um. i, Percentage of 
epidermal and cortical cells with PIN2-labelled BFA-bodies; error bars 
indicate s.d. a, b, d, Arrowheads indicate BFA-bodies. 
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gnll-2, in which PIN1-labelled BFA-bodies were less distinct and 
more PIN1 was retained at the plasma membrane where its polar 
distribution was lost (Supplementary Fig. 12). Because PIN proteins 
in gnl1 were polar before BFA treatment, GNL1 function in endocytic 
trafficking apparently overlaps with one or more BFA-sensitive ARF- 
GEFs, as it does at the Golgi (Supplementary Fig. 1). Support for 
independent functions of GNL1 at the Golgi and in endocytosis was 
provided by the observation that a BFA-sensitive GNL1 derivative, 
GNL1(L696M)-YFP, accumulated prominently at the cell periphery 
in BFA-treated meristematic cells of gnl1 seedlings (Supplementary 
Fig. 8j-n). This may have resulted either from stabilization’>” of 
BFA-sensitive GNL1 at a peripheral site of action, or from perturba- 
tion of GNLI trafficking at this location. 

Our results indicate that GNL1 has an ancestral function at the 
Golgi but is also required for selective endocytosis in the presence of 
BFA. The simplest interpretation is that GNL1 promotes selective 
internalization at the plasma membrane, but we cannot rule out 
either a role in subsequent traffic to an endosome or an indirect 
selective effect on cycling. ARF-GEFs of the EFA6 family have been 
implicated in endocytosis in mammalian cells'®*° but are absent in 
plants. Whereas other eukaryotic kingdoms have elaborated several 
families of small ARF-GEFs that function in endosomal trafficking 
and post-Golgi sorting, plants rely solely on the ancestral large ARF- 
GEFs of the GBF and BIG families’*. Within the GBF family, the 
distinct phenotypes of gnom (ref. 12) and gull plants and the BFA- 
sensitivity of the GNOM-mediated endocytic recycling pathway’ 
show that GNOM and GNLI have distinct functions. We propose 
that during land plant evolution the endocytic cycling pathways that 
underpin cell polarity have arisen in part by duplication of GBF genes 
whose products have acquired distinct novel functions indepen- 
dently of ARF-GEF evolution in other kingdoms. 


METHODS SUMMARY 


Arabidopsis thaliana seedlings of the Col ecotype were grown and transformed as 
described in ref. 14. Sequence alignments and phylograms were produced using 
ClustalW with default parameters (www.ebi.ac.uk/clustalw/). GNOMLIKE1 is 
At5g39500; TAIR accession, Locus:2175728; GenBank, NM_123312. 

Genetic screen and confocal microscopy. M, seedlings expressing secGFP (S76) 
were screened for increased fluorescence intensities using a Leica MZ FLIII 
fluorescence stereomicroscope. Mutants identified were backcrossed twice 
before being used for phenotypic characterization and positional cloning. An 
LSM 510 META confocal laser-scanning microscope (Carl Zeiss) was used for 
confocal analysis as described in refs 13, 14, and Zeiss AIM software was used for 
image processing and analysis as described in Methods. 

Staining and inhibitor treatment. FM4-64 (Invitrogen-Molecular Probes) was 
prepared from a 5mM stock in water. Brefeldin and cycloheximide (Sigma- 
Aldrich) were prepared as 200 mM and 355 mM stocks in dimethylsulphoxide 
(DMSO), respectively. Four-to-six-day-old seedlings were treated in 5 ml water, 
with equal amount of solvents as the controls. 

Immunoblot analysis and immunolocalization on intact root tissues. Proteins 
from roots of 8-day-old seedlings were extracted and analysed by immunoblot as 
described". Immunolocalization was performed by indirect immunofluores- 
cence on 4-day-old seedlings as described in Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Miscellaneous. Transient expression was performed in leaves of 2-week-old 
greenhouse-grown Arabidopsis seedlings, as described in ref. 14 but with 
300mM MgCl, in place of the infiltration buffer. Expressed proteins were 
imaged 3 or 4 days after infiltration. 

Fluorescent marker constructs. aleu-GFP has a sequence-specific vacuolar sort- 
ing signal from petunia aleurain and traffics to the central vacuole via the ER, 
Golgi and a punctate prevacuolar compartment'*'’. secRFP'*'® is a secreted 
version of mRFP1 carrying the same signal peptide as secGFP. N-YFP-HDEL 
isa YFP-based spectral variant of N-GFP—HDEL”, which carries the ER-retrieval 
signal His-Asp-Glu-Leu at its carboxy terminus and a signal peptide followed by 
an engineered N-glycosylation site at its amino terminus. ST-RFP”’ is an mRFP1 
derivative carrying the amino terminus and transmembrane domain of rat N-o- 
2,6-sialyltransferase, which targets proteins to the plant Golgi apparatus'****, 
preferentially to trans-cisternae!”. YFP-RAB-E1° is YFP fused to an Arabidopsis 
paralogue of Rab8 and Ypt2 of mammals and yeasts*'*. YFP—AtRAB-B1” is a YFP 
fusion to an Arabidopsis paralogue of animal Rab2 (ref. 8) that localizes to the 
Golgi (ref. 32; and C. Chow and I.M., unpublished results ). YFP—AtRAB-H1>, a 
YFP fusion to a paralogue of Ypt6 and Rabé6 in yeast and mammals, respectively’, 
that localizes to the plant Golgi (C. Chow and I. Moore, unpublished results). 
N-ST-RFP-2A-GFP-HDEL"™, which produces a Golgi-localized RFP (red) and 
an ER-localized GFP (green) in stoichiometric quantities from a single polypro- 
tein that is cleaved by the FMDV 2A peptide“. Targeting signals are the same as 
those of ST-RFP and N-YFP—HDEL (see above). N-secRFP-2A-GFP—HDEL"™ 
produces stoichiometric quantities of an ER-localized GFP and an RFP that is 
targeted to the vacuole via the ER and Golgi by virtue of the FMDV 2A-peptide 
sequence at its carboxy terminus (see ref. 14 for further details). Nag-EGFP is an 
Arabidopsis N-acetylglucosaminy] transferase I fusion to EGFP. PMA4—GFP is a 
GFP fusion to a Nicotiana plumbaginifolia plasma membrane H*-ATPase™. 
Confocal microscopy and image analysis. An LSM 510 META laser-scanning 
microscope (Carl Zeiss) with 25mW Argon and 2mW HeNe lasers was used for 
confocal analysis. The instrument was configured as described in refs 13 and 14 
except for imaging of: GNLI-YFP and GNL1(L696M)-YFP fusions, which were 
detected using 488 nm excitation and a 505-550 nm bandpass filter; Alexa Fluor 
488, which was excited using a 405/488/543 primary dichroic mirror and the 
488 nm argon line and detected with a 490-510 nm bandpass filter; and FM4-64 
and MitoTracker Orange, which were each excited using a 458/543 nm primary 
dichroic and 543 nm excitation from a HeNe laser and were detected with 585— 
615 nm band pass or 585 nm long-pass filter (FM4-64) or 565-615 nm bandpass 
filter (Mitotracker). When GFP was imaged together with other fluorescent 
molecules, GFP was excited by the 458 nm line of the argon laser in a multi-track 
configuration with line sequential scanning. Projections are maximum projec- 
tions in z. Measurements of apparent Golgi sizes were performed on z-stack 
images acquired using a C-Aprochromat X40/1.2 numerical aperture water- 
immersion coverslip-corrected objective at scan zoom 4. The ‘Measure’ mode 
of the Zeiss LSM Image Browser was used to measure the diameter of ST-RFP- 
labelled Golgi stacks in face view with sub-saturating fluorescence, as revealed by 
a look-up table in the image palette. The presence or absence of PIN2-labelled 
BFA bodies was determined in z-stack images acquired using a C-Aprochromat 
40/1.2 water immersion coverslip-corrected objective at scan zoom 1.1. To 
score cells with PIN2-labelled BFA compartments the percentage of cells with 
BFA compartments from each seedling, gathered from two experiments using 
two independent anti-PIN2 antisera, were used to compute the average values 
and standard deviations. 
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For live cell imaging seedlings were mounted whole in water with dyes or 
drugs added at the appropriate concentration. For analysis of transient express- 
ion, infiltrated leaves were excised and mounted in water immediately before 
imaging. Material was mounted under a coverslip raised by two strips of insu- 
lating tape and retained by Whatmann 3M micropore tape. 

All images are presented in 8-bit linear greyscale or linear RGB and were 
imported into Microsoft Powerpoint for assembly of figures. Brightness and 
contrast were sometimes adjusted equally for sets of images in Microsoft 
Powerpoint. In Supplementary Information, an Excel file named Image 
Parameters lists the imaging parameters and processing for each individual 
image of Figs 1-3. 

Staining and inhibitor treatment. FM4-64 (Molecular Probes) was prepared 
from a 5 mM stock in water. MitoTracker Orange (Molecular Probes) was used 
at 0.5 uM. Brefeldin and cycloheximide (Sigma) were prepared as 200 mM and 
355mM stocks in DMSO, respectively. Four-to-six-day-old seedlings were 
treated in 5 ml of water, with equal amounts of solvents as the controls. 
Genetic screen. M, seedlings expressing secGFP (S76) were screened for 
increased fluorescence intensities using a Leica MZ FLIII fluorescence stereo- 
microscope. In total, 141,000 M2 seedlings from 28,000 M;, plants were sown in 
Petri dishes and after 4 days growth were screened for enhanced GFP fluor- 
escence using a dissecting microscope equipped for epifluorescence. To identify 
potential temperature-sensitive (ts) mutants, plates were then transferred to 
31°C and rescreened daily for 3 days. Eleven mutants exhibited a non-ts 
enhancement of fluorescence and transmitted the phenotype to the M; and 
the F, of a backcross to Col-0. These mutants were analysed by confocal laser 
scanning microscopy to confirm that they accumulated increased quantities of 
secGFP in intracellular compartments. Two mutants, numbered 44 and 54, 
exhibited a similar pattern of secGFP accumulation, which they inherited as a 
monogenic recessive mendelian trait. Both mutants identified were backcrossed 
twice before being used for phenotypic characterization and positional cloning. 
Immunoblot analysis, and immunolocalization on intact root tissues. 
Proteins from roots of 8-day-old seedlings grown on agar plates were extracted 
and analysed by immunoblot as described'*. Endoglycosidase-H treatments 
were performed as described**. Rabbit anti-GFP (Molecular Probes) and anti- 
calreticulin (gift from J. Denecke) were diluted at 1:1,000 and 1:10,000, respect- 
ively. Four-day-old seedlings were used for immunolocalization of PIN1 and 
PIN2 as previously described in refs 12 and 35, respectively, with either Cys3- or 
Alexa Fluor 488-conjugated secondary antibody (Molecular Probes) diluted 
1:600 and 1:500, respectively. Rabbit anti-PIN1 and PIN2 (refs 28, 30) were 
diluted at 1:200 and 1:250, respectively. 
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A flagellin-induced complex of the receptor FLS2 and 
BAK 1 initiates plant defence 


Delphine Chinchilla’, Cyril Zipfel’, Silke Robatzek’’, Birgit Kemmerling*, Thorsten Nurnberger’, 


Jonathan D. G. Jones”, Georg Felix’* & Thomas Boller’ 


Plants sense potential microbial invaders by using pattern- 
recognition receptors to recognize pathogen-associated molecular 
patterns (PAMPs)'. In Arabidopsis thaliana, the leucine-rich re- 
peat receptor kinases flagellin-sensitive 2 (FLS2) (ref. 2) and elong- 
ation factor Tu receptor (EFR) (ref. 3) act as pattern-recognition 
receptors for the bacterial PAMPs flagellin* and elongation factor 
Tu (EF-Tu) (ref. 5) and contribute to resistance against bacterial 
pathogens. Little is known about the molecular mechanisms that 
link receptor activation to intracellular signal transduction. Here 
we show that BAK1 (BRI1-associated receptor kinase 1), a leucine- 
rich repeat receptor-like kinase that has been reported to regulate 
the brassinosteroid receptor BRII (refs 6,7), is involved in signal- 
ling by FLS2 and EFR. Plants carrying bak1 mutations show 
normal flagellin binding but abnormal early and late flagellin- 
triggered responses, indicating that BAK] acts as a positive regu- 
lator in signalling. The bak1-mutant plants also show a reduction 
in early, but not late, EF-Tu-triggered responses. The decrease in 
responses to PAMPs is not due to reduced sensitivity to brassino- 
steroids. We provide evidence that FLS2 and BAK1 form a complex 
in vivo, in a specific ligand-dependent manner, within the first 
minutes of stimulation with flagellin. Thus, BAK1 is not only 
associated with developmental regulation through the plant hor- 
mone receptor BRI1 (refs 6,7), but also has a functional role in 
PRR-dependent signalling, which initiates innate immunity. 

PAMPs have key roles as activators of the innate immune response 
in animals® and, analogously, as ‘general elicitors’ of defence res- 
ponses in plants’*°"'. We have previously characterized FLS2 and 
EFR as the pattern-recognition receptors (PRRs) for flagellin (repre- 
sented by a 22-amino-acid peptide, flg22) and for EF-Tu (repre- 
sented by the peptides elf18 and elf26, which correspond to its 
amino terminus), respectively”>'®. Flagellin and EF-Tu rapidly 
induce a common set of Arabidopsis genes for leucine-rich repeat 
receptor-like kinases (LRR-RLKs), including FLS2 and EFR them- 
selves*''. This led to the assumption that some of these PAMP- 
induced LRR-RLKs might encode additional components of PAMP 
perception or signalling. Using a reverse genetic approach, we tested a 
collection of insertional mutants in these LRR-RLKs (previously used 
for identification of the EFR gene’) for responsiveness to flg22 and 
found that two mutants with insertions in the LRR-RLK gene 
At4g33430 have reduced sensitivity to flg22 in seedling growth assays 
(Fig. 1a,b). In more than 10 repetitions of seedling growth assays with 
these mutants, we always observed a clear reduction (but never a 
complete loss) of sensitivity to flg22 and flg22-related peptides. By 
contrast, the mutants seemed to be as sensitive as the wild type to 
treatment with elf18 in more than five seedling growth assays (Fig. 1b 
and data not shown). 
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Figure 1 | bak? mutants show reduced sensitivity to flagellin in growth 
assays. a, Wild-type (Col-0) and bak1-4 seedlings grown for 9 days in the 
presence of 10 nM flg22. b, Seedling growth of Col-0, bak1-3 and bak1-4 after 
treatment with 10 nM flg22 or 10 nM elf18. Results shown are means = s.d. 
(n = 6). ¢, T-DNA insertion sites in bak1-3 and bak1-4 with exons shown as 
black boxes (top). RT-PCR analysis of BAK1 and RPL4 (control) transcripts 
in Col-0, bak1-3 and bak1-4 seedlings (bottom). Primers indicated by red 
arrows were used to test for the presence of a full-length BAK] transcript. 
d, Col-0, bak1-3 and bak1-4 plants, photographed 4 weeks after germination. 
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Figure 2 | bak1 mutants are impaired in responsiveness to flagellin and 
EF-Tu. a, Oxidative burst induced by 10 nM flg22, measured in relative light 
units (RLU) in leaves of wild-type (Col-0), bak1-3 and bak1-4 plants. Results 
shown are means of six replicates. b, Oxidative burst induced by 10 nM elf26. 
Results shown are means of six replicates. c, MBP kinase activity in Col-0 


The LRR-RLK that is encoded by At4g33430 has been shown to 
interact with the brassinosteroid receptor BRI1 and was therefore 
named BRI1-associated receptor kinase 1 (BAK1)°’. We conse- 
quently renamed the allelic lines SALK_034523 and SALK_116202 
as bak1-3 and bak1-4, respectively (Fig. 1c). Both T-DNA insertion 
lines lacked the signal for BAK1 mRNA that is seen in wild-type plants 
when tested with appropriate primers by PCR with reverse transcrip- 
tion (RT-PCR; Fig. 1c) or by northern blot analysis (Supplementary 
Fig. 1). Complementation of bak1 mutants with wild-type BAK1 
restored their responsiveness to flg22 (data not shown). 

Brassinolide and other brassinosteroids are structurally related to 
the animal steroid hormones and control many aspects of plant 
growth and development’. The two bak1 mutants that have been 
previously characterized show a semi-dwarf phenotype and reduced 
sensitivity to brassinolide®’. Similarly, the bak1-3 and bak1-4 mutant 
lines showed reduced size when grown in soil (Fig. 1d). In our standard 
growth assays to measure long-term flg22 and elfl18 responses’, 
exogenous brassinolide applied at 10 nM had a marginal growth- 
promoting effect in wild-type but not in bak1 mutant seedlings 
(Supplementary Fig. 2a). Treatments with 100 nM and 1 |.M brassi- 
nolide stimulated the growth of bak1 and wild-type seedlings to the 
same degree, showing that any bak1-mediated defect was overcome by 
brassinolide at 100 nM or more. In the presence of 100 nM brassino- 
lide, flg22 still inhibited the growth of wild-type much more than 
bak1-4 seedlings (Supplementary Fig. 2b), indicating that the growth 
inhibition that is induced by flg22 is independent of brassinosteroid 
signalling. Corroborating this conclusion, cabbage 1 (cbb1) mutant 
plants, which are defective in brassinosteroid synthesis'’, were as 
sensitive to flg22 as were wild-type plants (Supplementary Fig. 2c,d). 
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Figure 3 | Flg22 binding sites are unaffected in bak1 mutants. a, Western 
blot analysis of extracts from wild-type (Col-0), bak1-3 and bak1-4 seedlings 
with anti-FLS2 antibodies (top). Ponceau stain of the blot shows equal 

loading (bottom). b, Abundance of flagellin receptor binding sites in Col-0, 
bak1-3 and bak1-4 plants, estimated by specific binding of '”°I-flg22. Results 
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plants and bak1-4 mutants after mock treatment (control) or treatment with 
1 uM flg22*” or 1 [1M elf18. Gels were loaded with equal amounts of protein; 
no radiolabelled bands were observed in the parts of the gel omitted from the 
figure. 


To test whether BAK1 has a direct role in flagellin signalling, we 
studied some of the early responses that are triggered by PAMPs in 
plants. Wild-type plants responded rapidly to flg22 with the induc- 
tion of an oxidative burst (Fig. 2a). This response was clearly reduced 
and delayed in bak1-3 plants and almost abolished in bak1-4 mutants. 
Interestingly, the oxidative burst triggered by elf26 was also impaired 
in bak1-3 and bak1-4 mutants (Fig. 2b), providing evidence that 
mutations in bak] also affect EF-Tu responses. Signalling in response 
to flagellin and EF-Tu involves the rapid activation of MAP kinases 
(MAPK)’. In-gel assays with myelin basic protein (MBP) as a sub- 
strate showed that activation of MAPK was delayed and reduced or 
even absent after stimulation with EF-Tu or flagellin in the bak1-4 
mutant, when compared to the wild type (Fig. 2c). These results show 
that signalling and early responses to flg22 and EF-Tu are affected in 
bak1 mutants. Therefore, we propose that BAK] is a positive regu- 
lator of PAMP signalling in Arabidopsis. 

The reduced sensitivity of bak1 mutants to flagellin might be due to 
a reduction in the expression or function of the flagellin receptor 
FLS2. However, western blotting detected similar amounts of FLS2 
protein in wild-type and bak1 mutant plants (Fig. 3a). In addition, 
the amount and affinity of functional receptor binding sites were 
similar in wild-type and bak1 plants (Fig. 3b,c). Similarly, bak1 
mutants have been reported to show normal binding of brassinolide 
to BRI] (ref. 14). Thus, BAK1 seems to regulate the function of both 
receptors, BRI1 and FLS2, at a step after ligand binding. There is 
evidence that BAK1 is involved in BRI1 endocytosis’, and we 
recently found that FLS2 undergoes ligand-induced endocytosis'®. 
Compared to wild-type plants, bak1-3 mutants showed markedly 
reduced endocytosis of FLS2 (Supplementary Fig. 3). 
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shown are means = s.d. (n = 3). ¢, Competitive binding assays in bak1-3, 
bak1-4 and Col-0. Binding of '”°I-flg22 was tested in the presence of different 
concentrations of unlabelled flg22. The concentration of flg22 required to 
reduce binding by 50% (ICs9) is indicated by the vertical grey lines. 
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To test whether BAK1 interacts with FLS2, we used transgenic 
plants expressing Myc-tagged BAK1 in co-immunoprecipitation 
experiments (Fig. 4). Immunoprecipitates with anti-FLS2 antibodies 
revealed very little BAK1—Myc in untreated controls (Fig. 4). By con- 
trast, the immunoprecipitates from plants stimulated with flg22 con- 
tained much more BAK1—Myc, indicating that FLS2 interacts with 
BAK1 in a stimulus-dependent manner (Fig. 4). BAK1—Myc could 
not be detected in immunoprecipitates with control antibodies 
(Fig. 4a), or in anti-FLS2 immunoprecipitates from non-transgenic 
plants (Fig. 4d). The reciprocal immunoprecipitation using anti-Myc 
antibodies confirmed the flg22-dependent heteromerization of 
BAK] and FLS2 (Fig. 4b). We used immunoprecipitates such as those 
presented in Fig. 4a,b to study flg22 binding (Fig. 4c). Immuno- 
precipitates obtained with anti-FLS2 antibodies contained similar, 
large amounts of FLS2-binding sites, regardless of flg22 treatment. 
Thus, FLS2 binds flg22 independently of its association with BAK1. 
Immunoprecipitates obtained with anti-Myc antibodies prepared 
from untreated plants did not contain FLS2 (Fig. 4b) and had neg- 
ligible flg22 binding (Fig. 4c), showing that BAK1 by itself does not 
bind flg22. By contrast, anti-Myc immunoprecipitates from flg22- 
treated cells contained FLS2 (Fig. 4b) and were able to bind flg22 
(Fig. 4c). Fewer binding sites were detectable in this precipitate than 
in the immunoprecipitates generated with anti-FLS2 antibodies, 
indicating that only a fraction of the FLS2 present in the solubilisate 
was pulled down in association with BAK1. Ligand-induced forma- 
tion of the FLS2—-BAK1 complex was specific for flg22 and did not 
occur after stimulation of the plants with elf26 (Fig. 4d) or treatment 
with brassinolide (Fig. 4e). Moreover, the antagonist peptide flg22- 
A2, which binds FLS2 without activating a response’, failed to 
induce complex formation (Fig. 4e). Pre-treatment with the protein 
kinase inhibitor K-252a, which inhibits elicitor responses*'’, reduced 
the flg22-induced formation of the complex between the two serine/ 
threonine kinases®”’* BAK1 and FLS2 (Fig. 4f). We could not trigger 
an association of FLS2 and BAK] in vitro by adding flg22 to extracts 
of untreated plants (data not shown). In vivo, however, complex 
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formation occurred rapidly—within 2 min of treatment with flg22 
(Fig. 4g). These kinetics are consistent with the idea that the 
FLS2-BAK1 complex is involved in receptor activation, as the earliest 
flg22-triggered responses can be measured after about 2 min of lag 
phase’. 

Ligand-induced dimerization is important for the activation of 
receptor kinases in animals’’”°. Interestingly, classifying receptor 
kinases according to the occurrence of an arginine—aspartic acid 
(RD) motif in the catalytic site, FLS2 belongs to the non-RD class 
and BAK1 to the RD class”. This extends the similarity of signalling 
by PRRs in plants and animals highlighted in a recent review’: PAMP 
recognition in animals through Toll-like receptors initially involves 
interaction with interleukin-1 receptor-associated kinase 1 (IRAK1), 
anon-RD kinase, and subsequently with IRAK4, an RD kinase. 

BAKI1 also associates with BRI1 (refs 22,23), an RD kinase’. 
However, the physiological responses that are triggered by BRI1 
and FLS2 are very different. Therefore, BAK1 probably does not 
determine the specificity of the signal output; rather, it is likely to 
have a common role as an adaptor or co-receptor for the regulation 
of various receptors. Recent findings also show that bak1 mutants 
have altered susceptibility to microbial pathogens such as oomycetes 
and true fungi™, indicating that BAK1 might regulate PRRs other 
than FLS2 and EFR. 

Clearly, bak1 mutants retain partial sensitivity to flagellin and 
EF-Tu. One possible explanation for this is that closely related pro- 
teins might substitute for BAK1: BAK] is also named SERK3 because 
it belongs to the SERK (somatic embryogenesis receptor-like kinase) 
family, which comprises five closely related LRR-RLKs”’. The differ- 
ent SERKs might be partially functionally redundant, as reported for 
SERK1 and SERK2 (refs 26,27). BRI1 was recently found in complex 
with SERK1 (ref. 28), indicating that BAK1 might be substituted by 
other SERKs. In contrast to the serk3 (bak1) mutants described in this 
report, however, the other single mutants serk1, serk2, serk4 and serk5 
showed no defect in flg22 and elf18 responses (data not shown). In 
ongoing work we are trying to establish mutants in multiple SERK 
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Figure 4 | FLS2 rapidly interacts with BAK1 in a ligand-dependent manner. 
a, Seedlings expressing BAK1-Myc were treated (or not) with flg22 for 5 min. 
Solubilized membrane proteins were immunoprecipitated (IP) with anti- 
FLS2 or control antibodies (IgG). Top: western blot with anti-Myc 
antibodies. Bottom: re-analysis of the blot with anti-FLS2 antibodies. 

b, Reciprocal co-immunoprecipitation with anti-Myc antibodies. c, Specific 


IP Anti-FLS2 


1251 flg22 binding in anti-FLS2 and anti-Myc IPs from plants treated (or not) 
with 1 1M flg22. Results are means of two samples. d, Formation of 
FLS2-BAK1 complex is specific for induction by flg22. e, Complex 
formation does not occur after treatment with the antagonist flg22-A2 or 
brassinolide (BL). f, Pre-treatment with the protein kinase inhibitor K-252a 
reduces complex formation. g, Time course of complex formation. 
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genes. However, as found for the serk3 serk4 double mutants, which 
die within 2 weeks of germination (data not shown, and J. Li, per- 
sonal communication), this straightforward genetic approach might 
be impeded by essential functions carried out by the SERK proteins. 

In conclusion, receptor activation of FLS2 by its ligand flagellin 
involves rapid complex formation with BAK1. Our results widen 
the scope for BAK] function in a way reminiscent of the TOLL 
receptor in Drosophila, which controls embryo development as 
well as innate immunity”: BAK1 has at least two roles in plants, 
being a positive regulator of PAMP receptors (thus influencing 
innate immunity) and of the plant hormone receptor BRI1 (thus 
influencing development). 


METHODS SUMMARY 


The Arabidopsis plants used in this study were grown as one plant per pot at 
20-21 °C with an 8h photoperiod, or on plates containing MS salts medium 
(Duchefa), 1% sucrose, and 0.8% agar under continuous light. The BAK1 
T-DNA insertion lines SALK_034523 (bak1-3) and SALK_116202 (bak1-4) were 
generated by SIGnAL” and obtained from the Nottingham Arabidopsis Stock 
Centre (Nottingham, UK). BAK1- and T-DNA-specific primers were used to 
select plants homozygous for the inserts. cbb1 (cabbage 1) mutant seeds!’ were 
obtained from the NASC collection. The flagellin peptide flg22, flg22-A2 and the 
EF-Tu peptides elf18 and elf26 used in this study have been described**''. The 
peptide flg22**" (QRLSSGLRINSAKDDAAGLAIS), which is equivalent in its 
action to flg22, was synthesized according to the sequence of the flg22-domain 
in Xanthomonas axonopodis pv. citri. 

Assays for seedling growth inhibition, oxidative burst, in-gel MBP protein 
kinase activity, flg22-binding assays and western blot analysis with anti-FLS2 
antibodies were performed as described*!°"’. 

For co-immunoprecipitation experiments, seedlings transformed with a 
pBAK1-BAKI-Myc construct were extracted and immunoprecipitated with 
anti-FLS2 antibodies, anti-Myc polyclonal antibodies (Upstate), or anti-GFP 
rabbit serum (Molecular Probes). Immunoprecipitates were analysed by western 
blot with anti-Myc polyclonal antibodies or FLS2 antibodies. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Plant material and growth conditions. Arabidopsis plants used in this study 
were grown as one plant per pot at 20-21 °C with an 8-h photoperiod, or on 
plates containing MS salts medium (Duchefa), 1% sucrose, and 0.8% agar under 
continuous light. The BAK1 T-DNA insertion lines SALK_034523 (bak1-3) and 
SALK_116202 (bak1-4) were generated by SIGnAL” and obtained from the 
Nottingham Arabidopsis Stock Centre (Nottingham, UK). BAK1- and T-DNA- 
specific primers were used to select plants homozygous for the inserts. cbb1 
(cabbage 1) mutant seeds'* were obtained from the NASC collection. 
Materials. The flagellin peptide flg22, flg22-A2 and the EF-Tu peptides elf18 
and elf26 used in this study have been described**"'. The peptide flg22** 
(QRLSSGLRINSAKDD AAGLAIS), which is equivalent in its action to flg22, 
was synthesized according to the sequence of the flg22-domain in Xanthomonas 
axonopodis pv. citri. Brassinolide (Sigma) and K-252a (Alexis) were prepared as 
stock solutions of 10 mM in formamide and 2 mM in DMSO, respectively. 
Bioassays. Assays for seedling growth inhibition, oxidative burst and in-gel MBP 
protein kinase activity were performed as described**"’. 

RT-PCR analysis. One microgram of DNase-treated RNA was reverse- 
transcribed using Superscript II reverse transcriptase (Invitrogen), and one 
microlitre of the reaction mix was used for PCR amplification with 30 cycles 
and the BAK1 primers that span the T-DNA insertion locations (5'-GGTG- 
CTTCAAAGTTGGGATG-3’ and 5’-GGCTTCAAACTCTT CATCCAACAAA- 
3') or for the constitutively expressed control gene RPL4 (Atlg07320 (5'- 
TGATAGGTCAGGTCAGGGAACAAC-3’ and 5'-CCACCACCACGAA CTTC- 
ACCGCG AGTC-3’). 

Binding assays. Binding assays with plant extracts were done as described’”. 
Briefly, 100 mg of leaves ground in liquid nitrogen were resuspended in 500 pl 
of binding buffer (25mM MES/KOH pH6.0, 3mM MgCh, 10mM NaC\l). 
Aliquots of 80 yl of extract were incubated in binding buffer in a total volume 
of 100 pl with '*°I-flg22 (60 fmol per standard assay, >2,000 Cimmol"') for 
25 min either alone (total binding) or with an excess of 10 1M unlabelled flg22 
(non-specific binding). After incubation for 25 min at 4 °C, unbound ligand was 
removed by filtration and radioactivity retained on the filters was determined by 
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y-counting. To determine the specific binding, non-specific binding was sub- 
tracted from total binding. 

Generation of transgenic plants. A 1-kb fragment of the BAK1 promoter was 
amplified from genomic DNA (wild-type Col-0) and introduced into the Xbal 
and BamHI sites of binary vector pGREENII/ T-0229 (ref. 31). The BAK1 gene 
was amplified by PCR from genomic DNA and cloned into the BamHI and Xhol 
sites of pGREENII; the 3xMyc tag was PCR amplified and cloned in Xhol of this 
construct. The final construct BAK1p-BAK1-3xMyc was verified by sequencing, 
electroporated into Agrobacterium EHA101 containing the helper plasmid 
pSOUP” and used to transform bak1-4 mutant plants. Plants of the T2 genera- 
tion were chosen for the co-immunoprecipitation experiments. 
Immunoprecipitation experiments. Seedlings (1 g fresh weight), grown for 2 
weeks in liquid MS medium, were frozen in liquid nitrogen, extracted by grind- 
ing with mortar and pestle, and taken up in 2.5 ml of cold extraction buffer 
(50 mM Tris-HCl pH 8, 150mM NaCl, 10% glycerol, 1% (w/v) Nonidet P-40, 
0.5% (w/v) sodium deoxycholate and protease inhibitor cocktail (Sigma)). After 
incubation for 2h at 4°C with gentle shaking, this preparation was filtered 
through Miracloth and centrifuged at 40,000 r.p.m. for 30 min. The supernatant 
was incubated overnight at 4°C with proteinA-sepharose beads (Amersham 
Biosciences) and polyclonal anti-FLS2 antibodies, anti-Myc (Upstate), or anti- 
GFP rabbit serum (Molecular Probes) used as control. The beads were collected 
and washed three times with ice-cold extraction buffer and once with 50mM 
Tris-HCl pH 7.5. Proteins that were retained on the beads were separated by 
SDS-PAGE 7% (w/v) and analysed by western blot with antibodies against Myc 
or FLS2 as described". Unless indicated otherwise, seedlings were treated for 
5 min with 10 uM of peptides (flg22 or elf26 as indicated), with 1 uM of flg22-A2, 
with 1 uM of brassinolide or 1 uM of K-252a. Controls were run in parallel with 
application of the solvents alone (DMF for brassinolide and DMSO for K-252a, 
respectively). 


31. Hellens, R. P., Edwards, E. A., Leyland, N. R., Bean, S. & Mullineaux, P. M. pGreen: a 
versatile and flexible binary Ti vector for Agrobacterium-mediated plant 
transformation. Plant Mol. Biol. 42, 819-832 (2000). 
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DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an 
activator of innate immune response 


Akinori Takaoka’**, ZhiChao Wang'*, Myoung Kwon Choi'*, Hideyuki Yanai’, Hideo Negishi', Tatsuma Ban’, 
Yan Lu', Makoto Miyagishi’, Tatsuhiko Kodama’, Kenya Honda’, Yusuke Ohba* & Tadatsugu Taniguchi’ 


Central to innate immunity is the sensing of pathogen-associated 
molecular patterns by cytosolic and membrane-associated 
receptors“. In particular, DNA is a potent activator of immune 
responses during infection or tissue damage*’, and evidence indi- 
cates that, in addition to the membrane-associated Toll-like recep- 
tor 9, an unidentified cytosolic DNA sensor(s) can activate type I 
interferon (IFN) and other immune responses*°. Here we report 
on a candidate DNA sensor, previously named DLM-1 (also called 
Z-DNA binding protein 1 (ZBP1))", for which biological function 
had remained unknown; we now propose the alternative name 
DAI (DNA-dependent activator of IFN-regulatory factors'”). The 
artificial expression of otherwise IFN-inducible DAI (DLM-1/ 
ZBP1) in mouse fibroblasts selectively enhances the DNA-mediated 
induction of type I IFN and other genes involved in innate immun- 
ity. On the other hand, RNA interference of messenger RNA for DAI 
(DLM-1/ZBP1) in cells inhibits this gene induction programme 


upon stimulation by DNA from various sources. Moreover, DAI 
(DLM-1/ZBP1) binds to double-stranded DNA and, by doing so, 
enhances its association with the IRF3 transcription factor and the 
TBK1 serine/threonine kinase. These observations underscore an 
integral role of DAI (DLM-1/ZBP1) in the DNA-mediated activa- 
tion of innate immune responses, and may offer new insight into the 
signalling mechanisms underlying DNA-associated antimicrobial 
immunity and autoimmune disorders. 

Nucleic acids, exposed in a cell by infection or by incomplete 
clearance during cell damage, can evoke immune responses®’*"*, In 
addition to RNA-sensing mechanisms*'*'’, recent attention has 
focused on characterizing DNA-sensing systems as they also evoke 
protective and pathological immune responses. Evidence indicates 
the presence of a cytosolic DNA sensor(s) that can initiate innate 
immune responses, including the induction of type I IFN genes*””®, 
independently of Toll-like receptor 9 (TLR9), the membrane 
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Figure 1| DAI (DLM-1/ZBP1) is a positive regulator for type I IFN induction 
by cytosolic DNA. a, Induction of DAI (DLM-1/Zbp1) mRNA by poly(dA- 
dT)epoly(dT-dA) (B-DNA) in MEFs was analysed by quantitative RT-PCR. 
Error bars in all panels indicate s.d. (n = 3). b—d, L929 fibroblasts retrovirally 
expressing mock (control) or DAI (DLM-1/ZBP1) were treated with B-DNA 
(b), poly(dG-dC) epoly(dC-dG) and bacterial (Escherichia coli) or 

mammalian (calf thymus) genomic DNAs (ce), or poly(rI:rC) (d), and then 


assayed for IFN-o/ mRNAs by quantitative RT-PCR. Similarly, an 
enhanced effect by DAI (DLM-1/ZBP1) expression was observed in MEFs 
(Supplementary Fig. 1g). Asterisk, P< 0.01, DAI (DLM-1/ZBP1) versus 
control. ND, not detected. e, Wild-type (WT) and littermate I rf3 / ~  Irf7 =i 
and Irf5 ~/~ MEFs were treated with B-DNA, and then assessed for the 
expression of IFN-«/f mRNAs by quantitative RT-PCR. Asterisk, P< 0.01 
as compared with wild-type MEFs. 
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receptor activated by hypomethylated DNA®”®. We came across an 
IFN-inducible gene that piqued our interest for its potential role 
in DNA sensing (Supplementary Fig. la—c)—this gene was first 
identified in tumour stromal tissue and named DLM-1 (ref. 11), 
and was later reported to contain two binding domains for left- 
handed Z-form DNA (Z-DNA) and hence was also termed Zbp1 
(refs 21, 22). Nevertheless, neither a rigorous assessment of its 
biological function nor its ability to interact with other DNA was 
performed. 

As shown in Fig. 1a and Supplementary Fig. 1d, mRNA expression 
for DLM-1/Zbp1 is strongly upregulated in mouse embryonic fibro- 
blasts (MEFs) and L929 cells when stimulated with a synthetic DNA, 
poly(dA-dT)epoly(dT-dA), which may take on a B-form configura- 
tion in solution and strongly evoke innate immune responses” (here- 
after referred to as B-DNA for convenience; see Methods). This gene 
induction is dependent on type I IEN signalling (Supplementary 
Fig. le; see also ref. 9). Many genes involved in stimulating IFN 
responses, including those for cytosolic RNA sensors'®’®, are them- 
selves IFN-inducible; this positive feedback regulation thereby 
ensures a robust innate immune response. Thus, we hypothesized 
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that DLM-1/ZBP1 may function in the DNA-mediated activation of 
innate immunity. In light of its newly revealed function demon- 
strated below, we propose the alternative name of DAI (DNA- 
dependent activator of IFN-regulatory factors), although we use 
DAI (DLM-1/ZBP1) throughout for continuity and to acknowledge 
previous publications. 

To assess the contribution of DAI (DLM-1/ZBP1) to a DNA- 
mediated immune response, we artificially expressed DAI (DLM-1/ 
ZBP1) cDNA in L929 cells (Supplementary Fig. 1f), stimulated the 
cells with B-DNA, and then examined type I IFN gene induction. As 
shown in Fig. 1b, B-DNA-induced expression of IFN-« (a4) and 
IFN-B mRNAs (Ifna4 and Ifnb, respectively) occurred much earlier 
and reached a higher level in DAI (DLM-1/ZBP1)-expressing L929 
cells than in control cells. This DAI (DLM-1/ZBP1)-mediated res- 
ponse was dose dependent (Supplementary Fig. 2a, b) and probably 
TLR9-independent (refs 9, 10; see also Supplementary Fig. 3a, b). 
Notably, enhancement of Ifnb mRNA induction in DAI (DLM-1/ 
ZBP1)-expressing L929 cells was also observed upon treatment 
with bacteria- and calf-thymus-derived DNA as well as with a syn- 
thetic poly(dG-dC) epoly(dC-dG) DNA that may take on a Z-form 
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Figure 2 | DAI (DLM-1/ZBP1) is critical for B-DNA-mediated IRF3 
activation and Ifnb mRNA expression. a, L929 cells were transfected with a 
plasmid vector encoding a control siRNA (C) or DAI (DLM-1/Zbp1)- 
targeting siRNA (DAI-1), and subjected to RT-PCR analysis to evaluate the 
expression of DAI (DLM-1/Zbp1) and Gapdh mRNA. b, The induction of 
Ifnb mRNA in siRNA-expressing L929 cells was measured by quantitative 
RT-PCR upon treatment with B-DNA, viral (vaccinia virus), bacterial 
(E.coli) or mammalian (calf thymus) genomic DNAs, or poly(rI:rC). Data 
are mean + s.d. (n = 3). Asterisk, P< 0.01, siRNA-DAI-1 versus siRNA-C. 
ND, not detected. The protein levels of IFN- were also evaluated by ELISA 
(Supplementary Fig. 7e). c, B-DNA-induced dimerization of IRF3 in siRNA- 
expressing L929 cells. The relative band intensities of IRF3 dimer quantified 
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by a densitometer were normalized to those of IRF3 monomer, and depicted 
in graphs (bottom). d, B-DNA- or poly(rl:rC)-induced activation of NF-«B 
in siRNA-expressing L929 cells was analysed by EMSA. Immunoblots with 
anti-}-actin from a parallel set of identical samples is also shown as a loading 
control (bottom panel). e, B-DNA-induced expression of 16, Cxcl10 and 
Nfkbia mRNAs in siRNA-expressing L929 cells was assessed by quantitative 
RT-PCR. Data are mean + s.d. (n = 3). Asterisk, P< 0.01, siRNA-DAI-1 
versus siRNA-C. The protein levels of these cytokines were also evaluated by 
ELISA (Supplementary Fig. 7e). f, The induction of Ifnb mRNA by HSV-1 
(left panel) or NDV (right) was examined in siRNA-expressing L929 cells by 
quantitative RT-PCR. Data are mean = s.d. (nm = 3). Asterisk, P< 0.01, 
siRNA-DAI-1 versus siRNA-C. 
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configuration” (Fig. 1c). On the other hand, such an enhancement 
was not made when these cells were stimulated with poly(rl:rC), a 
synthetic double-stranded RNA that activates the RIG-I/MDAS cyto- 
solic pathway (Fig. 1d and Supplementary Fig. 2a; see also refs 15, 16). 
Consistent with these findings, in MEFs deficient for IFN-«/f recep- 
tor subunit 1 (Jfnar1)—in which impaired Ifnb mRNA induction by 
B-DNA stimulation (Supplementary Fig. 4a) is presumably due, in 
part, to the failure to induce DAI (DLM-1/ZBP1)—exogenous DAI 
(DLM-1/ZBP1) expression resulted in the rescue of Ifnb mRNA 
induction in response to DNA, but not to RNA (Supplementary 
Fig. 4b, c). The B-DNA-mediated induction of mRNAs for other 
DNA-inducible genes” involved in innate immunity was also up- 
regulated in DAI (DLM-1/ZBP1)-expressing L929 cells (Supple- 
mentary Fig. 5a, b). 

Whereas IFN-regulatory factor 3 (IRF3) is critical to the cytosolic 
DNA-mediated induction of IFN genes, the contribution of other 
IRFs has not been examined. Therefore, we next examined the induc- 
tion of IFN genes upon B-DNA stimulation in MEFs derived from 
mice deficient in one of three IRFs (Irf3 ‘~, Irf7 ’~ or Irf> ’ MEEs; 
refs 24-26). As shown in Fig. le, B-DNA-mediated Ifnb mRNA 
induction was abolished in Irf3/ ~ MEBs, but was similar to wild- 
type levels in Irf7’ and Irf> ‘~ MEFs. On the other hand, the 
induction of Ifna4 mRNA was impaired in Irf7 ’” MEFs, suggesting 
that IRF7 cooperates with IRF3 in the activation of this (and possibly 
other) IFN-« gene subtype (Fig. le). Because the effect of DAI 
(DLM-1/ZBP1) was observed in wild-type MEFs (Supplementary 
Fig. 1g) but not in Irf3’~ or Irf7 ’ MEFs (Supplementary Fig. 
6), we presume that these transcription factors function downstream 
of DAI (DLM-1/ZBP1). 

We next used a small interfering RNA (siRNA) to knockdown DAI 
(DLM-1/Zbp1) mRNA levels and then examined the activation of 
IFN and other genes involved in innate immune responses. The 
siRNA-DAI-1 construct strongly knocked down endogenous DAI 
(DLM-1/Zbp1) mRNA (Fig. 2a) and its protein (Z.W., unpublished 
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data) in L929 cells and effectively suppressed the levels of an arti- 
ficially expressed DAI (DLM-1/ZBP1) protein in HEK293T cells 
(Supplementary Fig. 7a). Notably, the induction of Ifnb and Ifna4 
mRNAs by B-DNA as well as by viral, bacterial or mammalian DNA 
was strongly inhibited in cells expressing siRNA-DAI-1, but not in 
cells expressing a control siRNA vector (siRNA-C) (Fig. 2b and data 
not shown). Induction of Ifnb mRNA upon poly(rI:rC) stimulation, 
however, was not affected by siRNA-DAI-1 expression (Fig. 2b and 
Supplementary Fig. 7b). Similar observations were made in the 
macrophage cell line RAW264.7 when transfected with the same 
siRNA vectors (Supplementary Fig. 7c) and in L929 cells transfected 
with siRNA-DAI-2, an siRNA vector targeted to a different region of 
DAI (DLM-1/Zbp1) mRNA (Supplementary Fig. 7d). Consistent 
with these data, B- DNA-induced dimerization of IRF3 was inhibited 
by approximately fourfold in siRNA-DAI-1-expressing L929 cells 
(Fig. 2c). Notably, the DNA-mediated activation of NF-«B was also 
inhibited in siRNA-DAI-1-expressing cells (Fig. 2d), as was the 
induction of NF-«B-dependent genes and their products (Fig. 2e 
and Supplementary Fig. 7e). Therefore, DAI (DLM-1/ZBP1) may 
also be involved in the DNA-mediated activation of the NF-«B path- 
way, although we cannot exclude the possibility that a DNA sensor(s) 
other than DAI (DLM-1/ZBP1) is also involved. 

Consistent with the notion that DAI (DLM-1/ZBP1) is involved 
in DNA-mediated antiviral responses through type I IFN induc- 
tion, siRNA-DAI-1-expressing cells were found to be more sensitive 
to virus infection than siRNA-C-expressing cells after B-DNA 
stimulation (Supplementary Fig. 8). To address this issue further, 
we next measured the effect of siRNA-DAI-1 expression on the 
induction of Ifnb mRNA in response to infection by a DNA virus, 
herpes simplex virus-1 (HSV-1), or an RNA virus, Newcastle disease 
virus (NDV). As shown in Fig. 2f, induction of Ifnb mRNA was 
inhibited, albeit not completely, when siRNA-DAI-1-expressing 
L929 cells were infected by HSV-1, but not by NDV. Furthermore, 
the HSV-1 yield was notably higher (between five- and sixfold) in 
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Figure 3 | Interaction of DAI (DLM-1/ZBP1) with B-DNA in the cytoplasm. 
a, b, Intermolecular FRET analysis for the interaction between DAI (DLM-1/ 
ZBP1) and B-DNA. HeLa cells expressing YFP-tagged DAI (DLM-1/ZBP1) 
(top row) or YFP-tagged RIG-I (bottom row) were stimulated for 2h with 
rhodamine (ROX)-conjugated B-DNA and then analysed by fluorescence 
microscopy. Representative fluorescence images of YFP, ROX and FRET® 
(corrected FRET; displayed in pseudo-colour mode) are shown from left to 
right (a). FRET°/YFP values were calculated and plotted as a histogram 
(b). Triple asterisk, P< 0.0001. c, Pull-down assays were performed with 
whole-cell lysates from HA—DAI (DLM-1/ZBP1)-expressing HEK293T cells 


in the absence ((—); lane 1) of or after pre-incubation with unconjugated 
B-DNA (lanes 2-4) or poly(rI:rC) (lanes 5-7; 5.0, 10, 20 pg ml }; wedges). 
Bound proteins were analysed by immunoblotting with anti-HA antibody. 
d, e, A pull-down assay was performed for the HA-tagged full length of DAI 
(DLM-1/ZBP1) (DAI-full) and three deletion mutant proteins (illustrated in 
d; numbers denote the residue numbers), as described in c. The domain in 
yellow corresponds to the D3 region (see text for details). Input protein 
levels for this assay are shown. Quantitative analysis of the levels of pulled- 
down proteins is shown in Supplementary Fig. 11. Zax and Zf indicate the 
N-terminal Z-DNA binding domains. SA, streptavidin. 
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siRNA-DAI-1-expressing cells as compared to control cells 12 h after 
viral infection (Supplementary Fig. 9a), whereas there was no such 
increase upon NDV infection (Supplementary Fig. 9b), further sup- 
porting the view that DAI (DLM-1/ZBP1) selectively contributes to 
HSV-1-mediated type I IFN gene induction and antiviral immune 
response. The mechanisms for sensing DNA viruses are, nevertheless, 
likely to involve additional molecules and complexities. 

To examine the interaction between DNA and DAI (DLM-1/ 
ZBP1), we next performed fluorescence resonance energy transfer 
(FRET) analysis in HeLa cells using B-DNA labelled with rhodamine 
(ROX), and DAI (DLM-1/ZBP1) or RIG-I each tagged with yellow 
fluorescent protein (YFP). As shown in Fig. 3a, b, a FRET signal was 
observed only between B-DNA and DAI (DLM-1/ZBP1), demon- 
strating that DNA is in selective and direct contact with DAI 
(DLM-1/ZBP1). DAI (DLM-1/ZBP1) mainly resides in the cytosol 
with a diffuse but partially granular-like pattern in HeLa cells and 
L929 cells (Fig. 3a and Supplementary Fig. 10a; see also refs 27, 28). 
We next studied the interaction of DAI (DLM-1/ZBP1) with B-DNA 
by co-precipitation assay. Protein lysates from HEK293T cells tran- 
siently expressing haemagglutinin (HA)-tagged DAI (DLM-1/ZBP1) 
or the transcription factor Stat1, used as a control, were subjected to a 
‘pull-down assay’ with biotin-labelled B-DNA and streptavidin- 
conjugated magnetic beads. As shown in Fig. 3c and Supple- 
mentary Fig. 10b, DAI (DLM-1/ZBP1), but not Statl, precipitated 
with the DNA. This precipitation was inhibited by an excess amount 
of non-conjugated B-DNA, but not poly(rI:rC). Thus, DAI (DLM-1/ 
ZBP1) may selectively and directly interact with B-DNA, although it 
cannot be excluded that other intermediate protein(s) may also par- 
ticipate in this intermolecular interaction. 

To determine the region(s) of DAI (DLM-1/ZBP1) involved in this 
interaction, we constructed a series of complementary DNA express- 
ion vectors each encoding a deletion mutant of DAI (DLM-1/ZBP1) 
(Fig. 3d), expressed them in HEK293T cells, and then performed 
the co-precipitation assay. As shown in Fig. 3e, the DAI-V1 and 
DAI-ANI1 mutants precipitated with the conjugated B-DNA, whereas 
DAI-AN2 failed to do so. Thus, in addition to the previously deter- 
mined DNA-binding domains”, another region tentatively denoted 
as the D3 region (Fig. 3d, yellow) may also participate in the inter- 
action with DNA. A more detailed analysis, however, will be required 
to determine whether this interaction is direct or indirect and which 
of the DNA-binding regions are critical for the activation of DAI 
(DLM-1/ZBP1) in response to a given DNA stimulus. It is intriguing 
that a variety of DNA, be it synthetic DNA or DNA of bacterial, viral 
or mammalian origin, activate DAI (DLM-1/ZBP1), albeit with dif- 
ferent efficiencies (Figs 1c and 2b). Thus, we infer that DAI (DLM-1/ 
ZBP1) activation by and discrimination between B- and Z-form and 
host- and pathogen-derived DNA may not be absolutely stringent. 
Rather, DAI (DLM-1/ZBP1) activation is also likely to be a function 
of the quantitative amount and the length of the DNA in the cytosol. 

Because TBK1 is essential for the DNA-induced activation of 
IRF3 (ref. 9), we further analysed the molecular association of 
DAI (DLM-1/ZBP1) with TBK1 and IRF3 by assaying for the co- 
immunoprecipitation of HA-tagged DAI (DLM-1/ZBP1) with 
Flag-tagged TBK1 or IRF3 in L929 cells. As shown in Fig. 4a, DAI 
(DLM-1/ZBP1) co-precipitated with both TBK1 and IRF3, max- 
imally, 2h after B-DNA stimulation, suggesting that DAI (DLM-1/ 
ZBP1) associates, either directly or indirectly, with TBK1 and IRF3 
and that this association is enhanced upon cytosolic DNA stimu- 
lation of cells. We therefore postulate that when TBK1 and IRF3 
are recruited to the DNA—DAI (DLM-1/ZBP1) complex, IRF3 is 
activated and undergoes nuclear translocation and, in the absence 
of IRF3, TBK1 dissociates from the complex. Although further work 
will be required, this notion is consistent with our preliminary obser- 
vations that indicate the nuclear translocation of IRF3 after its dis- 
sociation from DNA-DAI (DLM-1/ZBP1) (data not shown). To 
determine which region of DAI (DLM-1/ZBP1) is necessary for its 
interaction with TBK1 and IRF3, HA-tagged deletion mutants of DAI 
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Figure 4 | Interaction of DAI (DLM-1/ZBP1) with IRF3 and TBK1. a, L929 
cells transiently expressing HA—-DAI (DLM-1/ZBP1) together with 
Flag-TBK1 (left panel) or Flag—IRF3 (right panel) were stimulated with 
B-DNA and analysed by immunoprecipitation with anti-Flag antibody, 
followed by immunoblotting with anti-HA (top panel) and anti-Flag 
(bottom panel) antibodies. The first lane of each panel shows the results of 
cells expressing HA—DAI (DLM-1/ZBP1) alone. NS, nonspecific bands. 

b, c, Full-length DAI (DLM-1/ZBP1) or two deletion mutants (illustrated in 
b) were transiently expressed in HEK293T cells alone (control) or along with 
either Flag-TBK1 (left panel) or Flag—IRF3 (right panel). Cell lysates were 
analysed as described in a. DAI (DLM-1/ZBP1) can be readily co- 
immunoprecipitated by these proteins even without DNA stimulation, 
presumably because of its high level of protein expression in HEK293T cells. 


(DLM-1/ZBP1) were co-expressed with Flag-tagged TBK1 or IRF3 in 
HEK293T cells (Fig. 4b). As shown in Fig. 4c, interaction of DAI-AN1 
but not DAI-AC1 with TBK1 and IRF3 was observed, suggesting that 
the ~100 carboxy-terminal amino acids of DAI (DLM-1/ZBP1) are 
critical for its intermolecular associations. 

Our present study reveals that DAI (DLM-1/ZBP1) is a cytoplas- 
mic recognition receptor that senses and is activated by DNA from 
a variety of sources, leading to type I IFN gene induction through 
the activation of IRF3 and, probably, IRF7. Notably, this sensor may 
itself recruit IRF3 and TBK1 in a DNA-dependent manner, although 
additional experiments will be required to confirm the formation of 
this signalling complex. Thus, unlike the RNA sensor RIG-I, which 
becomes constitutively active in the absence of its RNA interaction 
region (ref. 15), DAI (DLM-1/ZBP1) may require both its amino- 
terminal DNA-binding region and carboxy-terminal TBK1/IRF 
binding region for its activity. Therefore, DNA is not only critical 
to initiate but also to sustain the active signalling complex. Consistent 
with this notion, neither DAI-AN2 lacking the DNA-binding region 
nor DAI-AC1 lacking the TBK1/IRF recruiting region can mediate 
DNA-stimulated Ifnb mRNA induction (Supplementary Fig. 12). 

The rigorous examination to determine the extent to which DAI 
(DLM-1/ZBP1) contributes to the cytosolic DNA-mediated and/or 
virus-mediated activation of innate immune responses must await 
the generation of mice deficient in the corresponding gene. The 
mutant mice will permit the study of DAI (DLM-1/ZBP1)’s function 
in distinct cell types in vitro and in vivo in the context of protective 
and pathological immune responses. 
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METHODS SUMMARY 

Mice, cells and reagents. The generation of Irf3~/~, Irf>/~ and Irf7~'~ mice 
has been described previously** °°. MEFs were prepared and murine L929 fibro- 
blasts were cultured as described previously”. Details of nucleic acid ligands and 
other reagents are described in the Methods. 

Viral infection. Cells were infected for 12h with 1.0 multiplicity of infection 
(M.O.L.) of HSV-1 (KOS strain; VR-1493; ATCC) or 25 haemagglutinin units 
(HAU) of NDV, as described previously”. 

Plasmids and gene transfer. Details of plasmid construction are described in the 
Methods. Retroviral gene transfer or transfection by electroporation was carried 
out as described previously**”*. Briefly, two days after infection with retrovirus, 
cells were selected with puromycin (3.0 jg ml‘) for 2 days, and used for further 
experiments. 

RNA analysis. RNA extraction and RT-PCR were performed as described prev- 
iously”®. The primers used in quantitative RT-PCR analysis are described in the 
Methods. Details of RNA interference are described in the Methods. 
Electrophoretic mobility shift assay (EMSA). EMSA was performed as 
described previously’®, and the protocol is briefly described in the Methods. 
Fluorescence microscopy. These analyses including FRET were carried out as 
described previously’®, and are briefly mentioned in the Methods. 

Pull-down assay. This assay was performed with a synthetic, biotin-conjugated 
poly(dA-dT)epoly(dT-dA) and streptavidin-conjugated magnetic beads (Dynal 
Biotech). The details are described in the Methods. 

Immunoprecipitation and immunoblotting. Cell lysis, co-immunoprecipita- 
tion and immunoblotting were carried out as described previously*®. IRF3 dimer 
was assessed by native PAGE, followed by immunoblotting with anti-mouse 
IRF3 antibody, as described previously’. The quantification of IRF3 dimer 
was performed by the NIH Image application. Similar results were obtained in 
three independent transfection experiments. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice, cells and reagents. All mice used for this study were backcrossed to the 
C57BL/6 background. Poly(dA-dT)epoly(dT-dA), poly(dG-dC)epoly(dC-dG) 
and calf thymus genomic DNA were purchased from Sigma. There is an abund- 
ance of literature showing that poly(dA-dT)epoly(dT-dA) can adopt non-B- 
DNA conformations including left-handed Z-DNA”. We confirmed by circular 
dichroism (CD) analysis that poly(dA-dT)epoly(dT-dA) adopts a 
B-conformation in solution, and that the transfection reagent 
Lipofectamine2000 does not induce Z-conformation of the DNA (data not 
shown), as previously described’*®. Therefore, we expediently used the term 
B-DNA for poly(dA-dT)epoly(dT-dA) for convenience as a ligand for stimu- 
lation, although it currently remains unclear whether the poly(dA-dT) epoly(dT- 
dA) used in our study is indeed in a B-conformation during its interaction with 
DAI (DLM-1/ZBP1). Rhodamine (ROX)- and biotin-conjugated poly(dA- 
dT) epoly(dT-dA) were purchased from Hokkaido System Science. Purified vac- 
cinia virus (MO) DNA was provided by A. Kato and M. Kidokoro. Escherichia 
coli DNA and poly(ri:rC) were purchased from InvivoGen and Amersham 
Biosciences, respectively. B-DNA or poly(rl:rC) was used at a concentration of 
6.0ugml—' or 5.0pgml~’, respectively, unless otherwise mentioned. Other 
nucleic acid ligands were used at 10.0 ug ml’ following complex formation with 
Lipofectamine2000 (Invitrogen) at a ratio of 1.0 pl lipofectamine to 1.0 pg DNA 
in OptiMEM (Invitrogen). Antibodies against the following proteins were pur- 
chased from the vendors indicated: IRF3 (ZM3; Zymed), B-actin (AC-15; Sigma- 
Aldrich), HA (3F10; Roche), Flag (M2; Sigma), NF«KB p65 (C20; Santa Cruz 
Biotechnology). 

Plasmid constructions. HA-IRF3 expression vector has been described prev- 
iously*®. Mouse DAI (DLM-1/Zbp1) cDNA was obtained by polymerase chain 
reaction with reverse transcription (RT-PCR) on total RNA from splenocytes, 
and then cloned into the pT7Blue vector (Novagen). To generate YFP-, Flag- and 
HA-tagged DAI (DLM-1/ZBP1) expression vectors, the DAI (DLM-1/Zbp1) 
cDNA was cloned into the XhoI and Nofl sites of the pCAGGS-YFP, pCXN2- 
Flag and pCAGGS-HA vectors. Flag-IRF3 and Flag—-TBK1 expression vectors 
were generated by subcloning the respective cDNAs into the same sites of 
pCXN2-Flag. The pCAGGS vector and Venus, which we refer to as YFP, were 
provided by J. Miyazaki and A. Miyawaki, respectively. To generate the DAI 
(DLM-1/ZBP1) retroviral expression vector, DAI (DLM-1/Zbp1) cDNA was 
excised from pCAGGS-HA- DAI (DLM-1/ZBP1) and cloned into the SalI and 
Notl sites of the MSCVpac-Flag. A splicing variant DAI-V1 (1-187 amino acids) 
and other deletion mutants (DAI-AN1 (155-411), DAI-AN2 (234-411) and 
DAI-ACI1 (1-314)) were isolated by PCR and inserted into the Xhol and Notl 
sites of pCAGGS-HA. Each cDNA of DAI-AN2 or DAI-AC1 was excised from 
pCAGGS-HA-DAI and cloned into the SalI and NotI sites of MSCVpac-Flag. As 
shown in Fig. 3d, DAI-V1 is a naturally occurring splice variant that encodes a 
truncated protein containing 36 unique amino acids at its carboxy terminus 
(grey; Ensembl Gene ID ENSMUSESTT00003754309). DAI-AN1 is lacking both 
of the N-terminal Z-DNA binding domains (Za and ZB), whereas DAI-AN2 is 
missing the D3 region as well as both of the Z-DNA binding domains. RIG-I 
cDNA was provided by T. Fujita and M. Yoneyama. YFP-tagged RIG-I was 
generated by subcloning RIG-I cDNA into the Xhol and Nofl sites of the 
pCAGGS-YFP expression vector. 

Quantitative RT-PCR analysis. This analysis was performed with a 
Lightcycler480 and SYBR Green system (Roche Molecular Biochemicals). All 
data were presented as relative expression units after normalization to Gapdh. 


nature 


Primer sequences for murine DAI (DLM-1/Zbp1), Ccl5 and Cxcl10 are as 
follows: DAI sense 5'-GACGACAGCCAAAGAAGTGA-3’; DAI antisense 5’- 


GAGCTATGTCTTGGCCTTCC-3’; Cel5 sense 5'- 
ACGTCAAGGAGTATTTCTACAC-3’; Cel5 antisense 5'- 
GATGTATTCTTGAACCCACT-3’; Cxcl10 sense 5'- 
ACTGCATCCATATCGATGAC-3’; Cxcll0 antisense 5'- 
TTCATCGTGGCAATGATCTC-3’; 116 sense 5'- 
GTAGCTATGGTACTCCAGAAGAC-3’; Il6 antisense 5'- 


ACGATGATGCACTTGCAGAA-3’. Primer sequences for Gapdh, Nfkbia, 
Ifna4 and Ifnb are the same as those previously published”*”*. 

RNA interference. Small interfering (si) RNA vectors were constructed by 
inserting oligonucleotides into BspMI sites of the pcPUR-U6i expression vector. 
The siRNA targeting sequences for murine DAI (DLM-1/Zbp1) (DAI-1 and DAI- 
2) and Renilla luciferase (control) are 5’-GGTCAAAGGGTGAAGTCAT-3’ 
(DAI-1), 5'-GATGAAAGAATATTAAGAT-3' (DAI-2) and 5'- 
GTAGCGCGGTGTATTATACA-3’ (control), respectively. L929 cells (1 x 10°) 
were transfected with 2.0 ig of siRNA vector in 6.0 pl Lipofectamine2000 trans- 
fection reagent (Invitrogen). The cells were then used for subsequent assays after 
incubation for 48h in the presence of puromycin (4.0 1g ml‘; Sigma). 

EMSA. Equal amounts, 40 ug, of whole-cell protein extract were analysed by 
EMSA with a **P-radiolabelled oligonucleotide probe containing a consensus 
NF-«B binding sequence. The presence of p65 in the NF-kB-DNA binding 
complex was also confirmed by detection of a supershifted band with an anti- 
p65 antibody (data not shown). 

Fluorescence microscopy. Cell culture, image acquisition and processing for the 
sensitized FRET were performed as described previously***®. We used the fol- 
lowing filters in this study: XF1068 and XF3079 excitation/emission filters 
(Omega Optical Inc.) for the YFP images; BP520-550 and BA580IF (Olympus) 
for rhodamine; and XF1068 and BA580IF for FRET. As a dichroic mirror, a 
U-MREEF glass reflector (Olympus) was used. Corrected FRET (FRET®) was 
calculated using the equation: FRETS = FRET — 0.108 X YEP — 0.194 X ROX, 
where FRET, YFP and ROX represents background-subtracted images acquired 
through the FRET, YFP and rhodamine channels, respectively. Under our 
experimental condition, the fractions of the bleed-through of YFP and ROX 
fluorescence through the FRET channel and the bleed-through of YFP through 
the ROX channel were 0.176, 0.194 and 0.348, respectively. 

Pull-down assay. Cell lysates were extracted from HEK293T cells transiently 
transfected with pCAGGS-HA-DAI and were first incubated for 15 min at room 
temperature with streptavidin-conjugated magnetic beads, and after centrifu- 
gation, the supernatants were then mixed for 20 min at 4°C with poly(dA- 
dT)epoly(dT-dA), the 5'-terminal of which is unilaterally conjugated with bio- 
tin, following its pre-incubation with streptavidin-conjugated magnetic beads. 
The mixture was washed extensively with lysis buffer, separated by SDS-PAGE, 
and immunoblotted with anti-HA antibody. For the competition assay, uncon- 
jugated poly(dA-dT)epoly(dT-dA) or poly(rirC) was added to the binding 
reaction at the concentrations specified in the figure legend. 

Statistical analysis. Differences between control and experimental groups were 
evaluated using the Student’s ttest. 
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aving trouble finishing graduate school? You're not alone. Many 
students, especially in the United States, drag out their postgraduate 
education for up to ten years. Arguably, these extended stays waste 
not only the time and energy of students, but also the resources of 


universities and funding bodies. 

This week the Council of Graduate Schools (CGS), based in Washington DC, 
released data for attrition and completion rates in 316 doctoral programmes at 29 
colleges and universities in the United States. The results, part of an ongoing multi- 
year project, tell an interesting tale. Completion rates aren't as bad as some had 
feared: 57% of PhD students get their degree by their tenth year. Many had assumed 
that this number would be about 50% on the basis of older studies. And in the social 
sciences and humanities, unlike science and engineering, the proportion actually rises 
from years 7 to 10. This has implications for how universities run their programmes. 
“Draconian policies that say ‘finish by year 7 or you're out’ are probably not a wise 
move,” says CGS president Debra Stewart. 

In aseparate CGS survey of 1,358 students who had completed their PhD, 

80% said that financial support was an important factor in helping them to 

finish their degree and 63% said mentoring or advising. And most respondents 
said that the best advice they received from their mentors was related to their 
research rather than career guidance or teaching. Stewart says that some of the 
PhD programmes participating in the multi-year project are already attempting to 
reduce the long stays in graduate school. They have introduced measures such as 
selecting students who are more likely to finish, offering stipends without teaching 


obligations after a student's first few years and finding better ways to cater for 


women who are balancing work and family. 
But finding the right intervention will be a difficult, case-by-case endeavour based 
mostly on anecdotal evidence. Colleges and universities will need to use the dataasa 
guide to find specific courses of action that benefit both them and their students. 
Gene Russo, acting editor of Naturejobs 
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MOVERS 


Gerd Kempermann, professor, Center for 
Regenerative Therapies, Dresden, Germany 


2000-07: Group leader, 
Max Delbrtick Center for 
Molecular Medicine, Berlin, 
Germany 

1998-2000: Resident and 
senior scientist, Department 
of Neurology, University of 
Regensburg, Germany 


Gerd Kempermann took up science for the thrill of 
discovery and found success by tackling biology's 
complexity head-on rather than trying to circumvent it. 

Kempermann trained as a medical doctor at the 
University Medical Center Freiburg in his native Germany 
and, fascinated with the brain, he pursued graduate work in 
neuropathology. His decision to do a postdoc with Fred 
Gage at the Salk Institute in San Diego, California, proved 
pivotal. Gage had developed a method to manipulate 
neurons in disease models. But Kempermann's proposed 
grant work based on this methodology seemed passé; signs 
of adult stem-cell formation, or neurogenesis, were more 
tantalizing. So Kempermann sought direct proof. Working 
with Gage, he stumbled on a way to study how physical 
activity, as well as genetics, affects neurogenesis. “I came 
to the right lab with the wrong proposal,” he says. 

Together with Robert Williams at the University of 
Tennessee Health Science Center, he investigated the 
natural variation seen in adult neurogenesis. 

“Gerd launched into a massive undertaking,” says 
Williams. The four-year, 50-strain panel screening for the 
genetic basis of variation in neurogenesis could have been a 
career-killer, he adds. “Most scientists, particularly 
postdocs, like to find a unique phenotype in one strain of 
engineered mouse and get a top paper quickly.” Although 
they didn't identify the genes responsible for neurogenesis 
variation, they found evidence for the complex structure of 
genetic networks controlling the process. 

Back in Germany, Kempermann continued describing 
how exercise and the environment direct neurogenesis, first 
at Regensburg University, then at Max Delbriick Center for 
Molecular Medicine. This month, he will take up a 
professorship studying the genomics of regeneration at the 
Center for Regenerative Therapies in Dresden —a 
collaborative collective of local research groups. “The 
opportunity to enter a pioneering situation, building a new 
institute, is one that you rarely get,” he says. 

Kempermann is pragmatic about the ethical problems 
connected to human embryonic stem cells. An adviser on 
stem-cell policy to the German government, Kempermann 
tempers the current focus on engineering stem cells by 
advocating research that will help unravel the complex 
biological puzzles of tissue development. “Gerd is able to 
navigate the dangerous hype-infested waters of this 
research area — he's a sceptical optimist,” says Williams. m 
Virginia Gewin 
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Order of merit 


Authorship order is of increasing 
importance for scientific careers and 
the success of collaborations. This is 
especially true in biological sciences, 
where the first author typically makes 
the greatest contribution and the last 
has a leadership role. The process of 
choosing the order needs to foster 
understanding and accountability, 
while recognizing each author's 
contribution. This can be difficult. So 
how does a group get it right? We 
have devised a model for finding the 
best order, avoiding conflict and 
promoting long-term collaborations. 
First step: you need to discuss 
authorship before starting the project, 
and again while you prepare the 
manuscript and make revisions. 
Using a multi-criterion decision 
making (MCDM) approach, a group 
of potential co-authors decides ona 
set of items — suchas figures, tables, 
text and ideas — that comprise a 
manuscript. They score each person's 
contribution to each item as a 
percentage. Types of contribution 
vary across publications, but a group 
of co-authors is well placed to make 
judgements. As they may not always 
agree exactly, a range can be assigned 
that they can ‘agree to disagree’ on. 
The group should then assess the 
relative importance of each item and 
put them in categories, in order of 
importance to the manuscript. For 


example, category A (the most 
important) might constitute a 15% 
weighting, category B 10% and 
category C 5%. This way, each item is 
given a weighting that represents its 
importance to the whole work. Finally, 
each author's relative contribution to 
each item is calculated. 

It's important to work out authors’ 
contributions to each item first, as this 
is likely to be simpler than assessing 
categories and weighting. A culture of 
understanding and agreement about 
the relative importance of different 
activities will help the process to run 
smoothly. In our system, co-authors 
are encouraged to appreciate 
different perspectives and negotiate 
on criteria. This process should 
enhance scientific best practice and 
increase researcher accountability. 

The MCDM approach enables a 
rational, project-specific account of all 
factors that led to the publication. It's 
of particular use for multidisciplinary 
work and for teams with different 
experiences and at different stages of 
their careers. Focusing on items one 
at a time helps to resolve potential 
conflict, encourages authors to value 
other perspectives and helps to clarify 
any ambiguity over contributions. 
Christine Beveridge and Suzanne 
Morris are plant scientists at the 
University of Queensland 
in Brisbane, Australia. 
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Isolation 


| had mixed feelings about maternity leave last time | had a baby, and | still do. 
Of course, it is absolutely necessary for a healthy recovery and for attachment 
to your new child. However, | felt the extreme isolation. 

| have always worked, which has shaped my self-image. The absence of 
work, coupled with new associations with non-working mothers, made me 


feel like a stranger in a strange land. What made it worse was that | felt guilty 
for wanting to put my child in another person’s care so | could return to work, 
even though this was undoubtedly the right choice for me. | had to brave 
comments wondering why I'd had children if | hadn't planned on raising them 
— aheartless statement! | had to hide my excitement that my husband would 
soon be arriving home to give me some time away from the baby. | didn’t talk 
about how | longed to have an adult conversation that doesn't centre on baby 
issues of any kind. 

Maternity leave isn't relaxing or magical for me. |am never more thana 
few feet from a helpless, crying baby. | do love children, though, and the fact 
that babies grow up is one reason | chose to be a parent. But | look forward to 
returning to work — and | look forward to showing my kids that mothers work 
just as muchas fathers. a 
Moira Sheehan is a postdoc in plant breeding and genetics at Cornell University. 
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And on gloomy Sunday... 


There goes the neighbourhood. 


Anthony S. Haines 


Dave rang the doorbell of the small ter- 
raced house. After a few moments, a man 
in a dressing-gown opened the door. 

“Hello, Id like to talk to you about God,’ 
Dave began. 

“Sure, the man interrupted. “What 
would you like to know about me?” 

After a few moments of confusion, 
Dave's mind-wave collapsed to a plausible 
model, and he said: “I’m sorry, I’ve never 
met anyone actually called God before” 

“No, said the man. “I meant Iam 
the creator of your universe. Why 
don’t you come in?” 

Dave mutely followed 
God into his dingy apart- 
ment. “How can I know 
you are God?” he won- 
dered aloud. / 

“Really, said God. / 
“I thought you were 
the one to work on | 
faith. But I don’t | 
have time to argue | 
the point. Here, taste 
this.” He handed \ 
Dave a glass of clear \ 
liquid. A sip told \ 
Dave that it was water. \ 
“Now try it again” The 
liquid was now red, and 
tasted of wine. “An old 
favourite, but these days a 
mere parlour trick, perhaps? 


Try this on for size.” Suddenly, x 


Dave was standing in a field of 
flowers, under an azure sky. “Before 
you ask; no this isn’t heaven,” said God. 
“It's Devon?” 

A moment later they were back in God's 
living room. “Would you like to sit down? 
Pll make you a cup of tea” 

“Why have you revealed yourself to 
me?” Dave asked while God rinsed out a 
pair of grubby-looking mugs. 

“You came to me, remember? And I 
thought — why not? Let me explain my 
problem. Your philosophers have strug- 
gled with the existence of the world for a 
long time. But the truth is that it was an 
accident. I invented a way of representing 
a simple universe using much less process- 
ing than normal. You'll have heard of 
cellular automata? It’s something like that. 
Quantum mechanics is in there to reduce 
the processing load. 

“Anyway, after a bit of tweaking of the 
parameters, interesting stuff started to 


happen. I got atoms, molecules, stars, 
everything. And, eventually, life arose 
— here and there, where conditions were 
just right. Just three usable dimensions, 
and all of this...” God looked misty eyed 
for a moment. “Then, suddenly, wham! 
The speed of time slowed right down. 
And looking into it I found this tiny planet 
where quantum effects had suddenly 
become much more intensive to process.” 


God brought the tea over, which He 
seemed to have brewed in the usual way. 
“You'd developed civilization and started 
investigating quantum entanglement, and 
experimenting with quantum comput- 
ing. In the process you were generating 
important states where precision mat- 
tered, so my shortcuts couldn't be applied. 
This wouldn't be a problem except that it 
brought you to my attention.” 

“So,” said Dave, mind racing. “You're not 
the God?” 

“If you mean the Judaeo-Christian 
God, then no. Sorry. You made that up 
by yourselves. I just set things up, lit the 
blue touch-paper and watched what hap- 
pened. It worked out quite well at first, 
too.” God mused. “I got a paper out of 
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it in quite a respectable journal.” 

Dave's tea was untouched. “What are you 
doing here in Birmingham?” He asked. 

“Oh, I’ve been watching for so long,” 
God said. “I just wanted to see what this 
world felt like...” 

God leaned forward. “Have you heard 
about memes? There are good ideas and 
bad ideas, and they are passed on almost 
independently of whether they are true. 
To be successful, an idea, that is, a ‘meme’ 
must be passed from brain to brain. 

“Usually this happens because the car- 
rier has benefited, and wishes to pass 
useful information on. But not 
always. Memes may persuade 
their host to propagate them. 
And unrelated memes 
can merge together, 
and may then transfer 
more effectively. This 
\ is what is happening 
\ when children whis- 
per gossip to each 
other followed by 
the phrase ‘and pass 
iton. 

“Generally we 
| think of ideas as 
| little additions to 
the mind. But ideas 

affect the mind. ’m 

sure you'll have heard 

a song that you don’t 
like but can't stop your 
brain from singing? What 


Si if something worse existed? 


Your literature is already sprin- 
kled with stories about the concept: 
pictures that kill the viewer, games so 
addictive no one could stop playing; the 
format isn't important. And Douglas Hof- 
stadter described how it is impossible to 
create a perfect gramophone, because if 
it reproduces every sound perfectly there 
will be a noise that destroys it. 

“The same must be true of conscious- 
ness. So there is good reason to believe that 
lethal conceptually transmitted diseases 
can exist. And moreover, that they may be 
highly infectious, or have a carrier phase. 
Discovering you has led to something of a 
backlash I’m afraid. There are forces that 
even God must answer to. The Research 
Council has spoken. I have to switch your 
universe off? a 
As a microbiologist and hobbyist 
programmer, Tony Haines can create 
and destroy worlds both at work and 
in his spare time. 
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